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Abstract 
Carbon microelectrodes have a wide range of applications because of their unique 
material properties and biocompatibility. The aim of the research work carried out in this 
thesis was to develop three-dimensional (3D) carbon microelectrodes for electrochemical 
applications. Three different fabrication processes were established for fabrication of 3D 
carbon microelectrodes using UV photolithography followed by pyrolysis.   UV exposure 
at three different wavelengths 365 nm, 313 nm and 405 nm was optimized to fabricate 
suspended 3D epoxy polymer templates. The polymer template was pyrolysed at high 
temperature to obtain the corresponding carbon microelectrodes. The fabricated 
microelectrodes are characterized for their physical, electrical and electrochemical 
properties.  The pyrolysis process was optimized for low electrical resistance and high 
mechanical stability. To explore the application of carbon microelectrodes four different 
model systems (Glucose sensing, Yeast analysis, Dopamine detection in human stem cell 
and bone cell monitoring) were tested. In all the model systems 3D carbon 
microelectrodes showed a 2-3 folds higher sensing signal when compared to 2D carbon 
electrodes.   
 
Key words – 3D carbon microelectrodes, UV photolithography, pyrolysis, electrochemistry   
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Resumé 
Mikroelektroder i karbon kan på grund af deres unikke egenskaber og biokompatibilitet 
anvendes indenfor en række forskellige områder. Målet for arbejdet bag denne 
afhandling var at udvikle tredimensionelle (3D) karbon mikroelektroder til anvendelser 
indenfor elektrokemien. Tre forskellige processer til fremstilling af 3D karbon 
mikroelektroder blev udviklet med brug af UV fotolitografi og efterfølgende pyrolyse. UV 
belysning ved tre forskellige bølgelængder 365 nm, 313 nm og 405 nm blev optimeret til 
at fremstille 3D skabeloner i epoxy polymer. Polymer skabelonen blev efterfølgende 
pyrolyseret ved høj temperatur for at fremstille den tilsvarende karbon mikroelektrode. 
De fysiske, elektriske og elektrokemiske egenskaber for de fremstillede mikroelektroder 
blev karakteriseret og pyrolyse processen blev optimeret til lav elektrisk modstand og høj 
mekanisk stabilitet. For at undersøge anvendelserne af karbon mikroelektroderne blev 
fire forskellige modelsystemer (Glucose måling, analyse af gær, detektion af dopamin i 
humane stamceller og monitorering af knogleceller) testet. I alle modelsystemerne viste 
karbon mikroelektroderne et 2-3 gange kraftigere signal sammenlignet med 2D karbon 
elektroder.  
 
Nøgleord – 3D karbon mikroelektroder, UV fotolitografi, pyrolyse, elektrokemi 
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Introduction  
 
1.1 Motivation  
Due to industrialization and globalization, the complex mix of pollutants threatening the Earth’s 
regulatory mechanisms is constantly increasing 1. There are various pollutants causing the degradation 
of the environment, the most common pollutants being heavy metals, pesticides, mould and fungal toxins, 
industrial chemicals, and volatile organic compounds 2–6. The most common technique used to study the 
toxic effects of pollutants on cells is fluorescent microscopy which enables the observation of cell 
morphology, migration and proliferation 7. However, microscopy techniques require expensive 
equipment and tedious sample preparation such as fluorescent cell staining. Furthermore, after each test 
the samples is destroyed and it is not possible to monitor the same cell population over time. The toxic 
effects of these pollutants can also be studied electrochemically by growing cells on the electrodes 8. The 
use of electrochemical techniques to study cells can provide a label-free, real-time, fast, long term, 
minimally invasive measurements and the possibility for fully automated systems 9–12. However these 
methods do not provide the same insight in cellular behavior as microscopic techniques. Therefore 
combining the microscopic readout and electrochemical measurements, could offer a complete approach. 
In bioelectrochemistry cells are cultured on electrodes and electrochemical methods such as 
electrochemical impedance spectroscopy (EIS) or voltammetry are used to detect changes in cell 
populations, e.g. cell morphology, cell membrane integrity, receptor-ligand interactions or chemical 
compounds released in response to external stimuli, respectively 13–17.  Typically, thin flat (2D) metal 
microelectrodes have been used for monitoring of cell culture changes. The major limitation is that state-
of-the-art metal microelectrodes are primarily restricted to 2D since the fabrication of 3D metal 
electrodes quickly turns expensive and relatively complicated. As a consequence, cells have commonly 
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been incubated on a 2D substrate that is different from their natural 3D environment. Although most 
biological assays still are performed in the 2D format the trend goes towards the 3D format, since it could 
contribute to more realistic results in toxicological testing and biological performance all together18–23. 
For in vitro cells studies, a large number of polymeric 3D scaffolds have been developed and the cell 
cultures are analyzed using microscopy techniques 24. Recently, a 3D scaffold was placed on 2D Au 
electrodes and electrochemical monitoring of the cell response to toxins was demonstrated 25. However, 
the sensitivity for detection of events in the “bulk” of the cell scaffold was found to decrease with 
increasing distance from the electrode surface and the actual characterization was limited to the cells in 
proximity of the 2D electrode. For this purpose, a 2D electrode (Figure 1.A) can be replaced by an 
intelligent three-dimensional (3D) electrode (Figure 1.B) which can act both as a substrate (scaffold) and 
as a sensing or transducer element 26–31. Furthermore, the 3D nature of the electrodes better mimics the 
natural environment of cells, which is relevant for applications in tissue engineering and 
bioelectrochemistry 32. The 3D nature of the microelectrodes can also increase the possibility of 
adhering/trapping the cells on the electrodes, which is very important for non-adherent cells in cell 
biology 8,33.   Finally, 3D microelectrodes could potentially be very efficient in mechanical trapping, 
sorting and aligning cells in various cell analysis systems 34–37.  
 
 
Figure 1 : (A) 2D carbon electrode (B) 3D carbon electrode 38 
A B 
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1.2 3D microelectrode fabrication 
Conducting substrates and scaffolds based on metal 39, conducting polymer 40 and carbon 41 can be used 
as electrodes for real-time monitoring of cell dynamics 13. Several microfabrication techniques have been 
processed for the fabrication of 2D and 3D microelectrode. However fabrication techniques like 
electroplating 42–44, sputtering or evaporation 45, injection molding 46, microsolidics 47 and screen printing 
48,49 are limited due to their lack of resolution, reproducibility, and throughput which are important for 
fundamental and applied research 50. The more advanced processes like electrodeless electroplating 51 
and metal ion implantation 52 are limited by their process cost and complexity 53. Additionally the use of 
noble metals limits the electrochemical potential window 54,55 and electrodes are prone to fouling 56,57. 
For these reasons carbonaceous materials such as graphene 58, CNTs, diamond-like carbon 59 and 
pyrolytic carbon have been emerging as electrode materials for electrochemistry in last few decades.           
A simple and cost-effective process to fabricate microelectrodes is carbon MEMS (C-MEMS). C-MEMS 
is a process where a polymer template is pyrolyzed at high temperature (~ 1000ºC) in an inert atmosphere 
to obtain the corresponding pyrolytic carbon structure (Figure 2) 60. This process enables fabrication of 
2D and 3D electrodes with possibility for tailoring ad-hoc designs and unique sensitivities of 
microelectrodes for specific applications. Additionally carbon has various advantages as material for 
microelectrodes such as its wide electrochemical potential window 54,61, high chemical stability 62, ease 
of surface modification 63–65 and biocompatibility 66. Due to this, pyrolytic carbon is becoming 
increasingly attractive for numerous applications, such as biosensors 67,68, microbatteries 69,70, tissue 
engineering 71,72 and chemical sensing 73.   
 
Figure 2: Fabrication of 3D carbon microelectrode by pyrolysis of a polymer microstructure 
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Figure 3 shows the 3D carbon electrodes fabricated from complex C-MEMS microfabrication processes. 
The most complex process in C-MEMS is to have a stable polymer template for pyrolysis. SU-8, a 
negative tone epoxy based photoresist is the most widely used polymer precursors for C-MEMS 74. 
Different microfabrication processes have been reported for the fabrication of 3D SU-8 structures for 
pyrolysis. Fabrication techniques such as e-beam 75, two-photon 76 and X-ray 77 lithography have been 
employed for fabrication of 3D polymer templates for pyrolysis. The limiting factors for these techniques 
is the low throughput compared to standard UV photolithography. Different fabrication processes with 
UV photolithography have been proposed to fabricate 3D suspended layers such as using a 
polymerization stop layer or using SU-8 foil or a lower UV exposure for fabricating 3D polymer template 
78–80. But a simple and higher control of lateral resolution of the suspended layers is still lacking. The 
degree of freedom in UV photolithography followed by pyrolysis process provides possibility for mass 
production facilitating novel tailored electrode designs with unique properties for electrochemical 
application.   
  
Figure 3: (A)3D carbon driven pyrolysis of polymer treated with plasma 81 (B) nanostructures sponge electrode 82 (C) 
3D carbon electrode driven from pyrolysis of electrospun fiber 83 
 
1.3 Overall project goal  
This project is a part of Young Investigator Program funded by the Villum Found. The overall goal of 
the project was to develop intelligent 3D carbon scaffolds for bioelectrochemistry. The 3D carbon 
scaffold is ideal for cell growth and provides possibility for in situ electro analysis of a 3D cell culture. 
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The project team included two PhD students (me and Y.M. Hassan) and one Postdoc (C.Caviglia). The 
main goals of this project were: 
G1. Material science: Investigation of the influence of polymer template material on the properties of 
pyrolytic carbon microelectrode  
G2.  Microfabrication: Fabrication of 3D polymer templates and conversion to carbon microelectrodes 
by pyrolysis  
G3. Bioelectrochemistry: In vitro model for toxicity studies or/and bioelectrochemical cell for removal 
of pollutants (biomediation).  
 
1.4 Goal of PhD project  
The main goals of this PhD project were to address G2 and advance the state of the art in fabrication of 
3D electrodes and to fabricate 3D/2D carbon microelectrode chips for bioelectrochemistry (Figure 4.A 
and B). Figure 4.C illustrates potential 3D carbon microelectrode structures on the working electrode. 
The previous work done in the group by Letizia et.al. was used a starting point of this project 26,84. The 
project is divided into following activities.    
1. Polymer microfabrication – UV photolithography will be explored to fabricate 3D suspended 
polymer templates for pyrolysis. The technology will be explored to achieve high resolution (~10µm), 
3D suspended microstructures, and 3D multilayers with reasonable throughput.    
2. Pyrolysis process – Testing pyrolysis at different conditions (maximum temperature, different ramp 
rate, different process steps) to optimize the electrode performance/behavior.  
3. 3D Microelectrode – Design and fabrication of a microelectrode chip. In this activity different 
microfabrication process flow will be established for fabricating working electrode (WE), reference 
electrode (RE),counter electrode (CE), passivation layer or interdigitated electrode on a single chip.  
1. Introduction 
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4. Microfluidic/Microelectrode chip design and setup – A microfluidic system will be built for the in-
situ measurements. This activity includes building microfluidic channels, microfluidic interconnects, 
electrical interconnects and readout systems.  
5. Bioelectrochemical characterization/testing – This activity includes the establishments of 
experimental proof of concept for bioelectrochemistry on 3D carbon microelectrodes. Some of the 
electrochemical techniques which will be used for measurements are Cyclic Voltammetry (CV), 
amperometry and impedance.  
 
 
 
 
 
 
 
    
Figure 4: (A) – (B) 2D and 3D microelectrode for bioelectrochemistry and (C) Different shapes of carbon 
microelectrodes tailored for specific application 
1.5 Structure of the thesis  
Aim of this work was to develop pyrolytic carbon microelectrode (Carbon4Bio (C4B)) chip for 
bioelectrochemical applications. Figure 6 shows the evolution of C4B chips in this thesis. A planar, three 
electrode electrochemical chip was designed and fabricated with carbon as WE (2D C4B). In the second 
generation of C4B chips, 3D carbon microelectrodes were fabricated on the WE (3D C4B). Finally, the 
optimized process was used to fabricate 3D interdigitated microelectrodes (3D C4B IDE). The fabricated 
carbon microelectrodes acted as a scaffold and transducer for electrochemical monitoring of cell culture. 
A 
C 
B 
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Chapter 2: This chapter gives a brief theoretical background on the materials and techniques used in 
this thesis.    
Chapter 3: This chapter explains the microfluidic setup (MagClamp system) used to integrate 2D/3D 
carbon microelectrodes for testing in different condition such as, static and dynamic (flow). Three 
different microfluidic systems were simulated in a finite element software (COMSOL) and only the 
optimized flow system was fabricated (Figure 5).  
 
 
 
 
Figure 5: Process flow for the development of microfluidic system in this thesis 
 
Chapter 4: This chapter gives a detailed description of the optimization of 2D C4B chips. The initial 
work is focused on developing a three electrode chip with 2D pyrolytic carbon as working electrode. The 
2D C4B chip was characterized electrochemically with CV and EIS.  Further, pyrolytic carbon was tested 
as contact leads for 2D electrodes.  
Chapter 5: In this chapter, the 3D suspended carbon layer design, fabrication, and characterization is 
explained in detail. A three electrode chip with 3D pyrolytic carbon as working electrode was fabricated 
(Paper I/Paper II). UV-photolithography with different exposure wavelengths were explored for 
fabrication of 3D suspended SU-8 microstructures which were pyrolyzed to get corresponding carbon 
structures (Paper III). The fabricated chips were characterized with SEM, Raman spectroscopy, XPS and 
electrochemically (CV and EIS).  
Chapter 6: This chapter summarizes a small study of the pyrolysis process parameters to improve for 
electrical and mechanical stability of 3D carbon microelectrodes. Different parameters such as 
temperature ramp, pyrolysis temperature and number of heating steps were investigated for least 
electrical resistance and minimal stress.  
Batch 
 system  
COMSOL 
simulations 
Wall-jet microfluidic 
system 
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Figure 6: Flowchart of evolution of 3D carbon microelectrode in this thesis 
Chapter 7: This chapter provides an overview of the different bioelectrochemical applications which 
are explored using 3D carbon microelectrode during this PhD project, i.e. glucose sensing (Paper IV), 
yeast cell seeding analysis, exocytosis of dopamine from human stem cells derived neurons and bone 
cell analysis.     
Chapter 8: This chapter gives an overview of the main conclusions and the outlook.  
 
 
 
 
 
 
 
 
 
 
2D C4B 
 chips 
3D C4B chips 
(365 nm)  
3D C4B chips  
(313 nm/405 nm) 
Pyrolysis 
optimization 
Applications 
(Yeast, Dopamine, 
ALP detection)  
3D IDE 
chips 
Application  
(Glucose detection ) 
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Theory on materials and methods  
This chapter gives a brief theoretical introduction to the electrode material (glassy carbon) followed by 
the explanation of microfabrication techniques used in this thesis. The final part of this chapter has 
explanation of characterization techniques used in this work.  
 
2.1 Carbon (materials) and structures  
Carbon is the chemical element with the symbol C and exists in different allotropes such as graphite, 
diamond, graphene, fullerene and glass-like carbon 85,86. The graphite structure consists of infinite 
graphene sheets which are planarly arranged carbon atoms, stacked together with a weak Van der Waals 
forces (Figure 7.A). Graphene has a polycrystalline structure characterized by the atomically ordered 
hexagonal surface. The carbon atoms in graphite are sp2 hybridized, with an intra-planar C-C bond length 
of 141.5 pm and inter-planar spacing of 340 pm. The conductivity of graphite is 2 - 4 × 105 S/m 87.  
Graphite is a good electric conductor, opaque, black, and soft. Diamond has a tetrahedral crystal structure. 
The carbon atoms in diamond are sp3 hybridized with C-C bond length of 134 pm (Figure 7.B). Diamond 
is generally known as a good electrical insulator (1× 10-18 S/m), transparent, and one of the strongest 
materials 88.  Carbon nanotubes (CNTs) are the fullerenes most commonly used for electrode material. 
CNTs are single or multiple rolled up graphene layers forming single-walled or multi-walled CNTs 
respectively (Figure 7.D). CNTs exhibit good electrical and heat conducting properties. Glassy carbon 
(GC) is obtained by heat treatment of organic polymer in an inert atmosphere 89.  This procedure is knows 
as carbonization or pyrolysis where  polymer precursors (e.g. polyacrylonitrile (PAN) or 
phenol/formaldehyde) are treated at high temperatures (1000 ºC – 3000 ºC) 89 in an inert atmosphere. 
The GC comprises a mixture of sp2 (graphitic region) and sp3 (disordered region) carbon hybridization 
90,91.  GC has a high temperature resistance, low electrical resistance, and a good chemical stability. GC 
2. Theory on materials and methods   
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exhibits excellent electrochemical properties which has attracted its use in various applications. Initially 
GC was considered to have a ribbon-like geometry with entangled graphitic planes (Figure 7.E) 92.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 : Structural models of (A) Graphite 93,(B) Diamond 93, (C) Graphene, (D) Rolled up  SWCNT and  MWCNT 
94 and (E) Glassy carbon 95 
 
Further research on GC by Harris 96 showed some isolated crystals of graphite. This is because the C-C 
bonds of the polymer precursor do not break and the graphitic region are unable to fully develop into 
graphene sheets. Based on this observation, Harris suggested that GC consists of sp2 hybridized carbons 
forming six-membered rings as well as five and seven membered rings. According to this, GC prepared 
at different temperatures results in a different amount of dispersed graphene sheets (Figure 8). In this 
A B 
D E 
C 
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thesis GC is obtained from the pyrolysis of epoxy resin (SU-8) at high temperatures. The GC is used as 
the working and counter electrodes for bioelectrochemical applications.  
  
 
 
 
 
 
 
Figure 8 : Glassy carbon at (A) low temperature and (B) high temperature 96 
 
2.2 Microfabrication processes  
2.2.1 UV- photolithography  
UV- photolithography is the central part of C-MEMS 74. UV-photolithography is the most common 
technique used to pattern the polymer template, which is pyrolyzed to get pyrolytic carbon. 
Photolithography is a process of transferring a pattern from mask to a light sensitive photoresist by the 
use of light at a specific wavelength 97,98. Photolithography is generally performed in five steps.  
Figure 9 shows the UV-photolithography process steps to pattern an epoxy based negative photoresist 
(SU-8). Negative photoresists are the once whereby the parts exposed to UV become cross-linked, while 
the remainder of the film remains soluble and can be washed away during development. Whereas the 
positive photoresists are the inverse of the negative photoresists.  First, a layer of SU-8 is spin coated on 
the Si substrate and soft baked (SB) for removal of solvents (Figure 9.A). Next step is to expose the 
substrate with the SU-8 to UV light through a patterned mask (Figure 9.B) followed by an optional baking 
(PEB) step (Figure 9.C). The fourth step is the development, where the SU-8 is patterned. Finally, a hard 
bake step can be introduced to harden the polymer (Figure 9.D).   
A B 
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Figure 9: UV-photolithography process steps (A) spin-coating and SB (B) UV exposure (C) PEB and (D) 
Development followed by hard bake 
 
Three different types of photolithography are present based on the distance of the mask from the 
substrate. 
• `Contact printing’ where the mask is in contact with the substrate. This results in high resolution but 
risks substrate deformation and increases the stiction between mask and substrate.   
• `Proximate printing’ where the mask is placed at a defined distance from the substrate (< 10 µm). 
The resolution is less good but the mask and substrate is preserved. In this project all the UV 
exposures were carried out at proximity.  
•  `Projection printing’ where the light is focused by the use of optics (lenses). Here structures with 
very high resolution can be produced. The resolution of the projection printing depends on the optics 
used (numerical aperture). The photolithographic resolution b of the contact and proximate printing 
can be derived as equation     2.1 99. 
 2𝑏𝑏 = 3�𝜆𝜆 �𝑠𝑠 + 12𝑑𝑑�      2.1 
                               
where λ - exposure wavelength, s - proximate distance (10 µm typical), d - Resist thickness. Figure 10 
shows the side view of proximate printing lithography. 
A B 
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Figure 10 : Proximate photolithography setup 
The most typical UV photolithography processes use i-line (365 nm) to transfer the pattern onto the 
resist. The UV exposure is equipped with an i-line filter, which filters out all the other wavelengths. Most 
of the photoresist are also designed to be sensitive at 365 nm.   The optical properties of SU-8 is shown 
in Figure 11 100. SU-8 is highly absorbing below 350 nm wavelength and highly transmitting above 400 
nm. This property is exploited in the fabrication of suspended SU-8 microstructures for 3D carbon 
microelectrodes.  
 
Figure 11: UV transmission of 1 mm SU-8 8100 101 
 
2.2.2 Electron beam evaporation 
Electron beam (e-beam) evaporation is a form of physical vapor deposition in which a target material at 
the anode is bombarded with an electron beam in high vacuum conditions. The electron beam causes 
atoms from the target material to transform into the gaseous phase. These atoms then precipitate into 
solid form on the substrate 102. Figure 12 shows the e-beam evaporation set-up, where a tungsten filament 
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is used to generate the electron beam. The advantages of this deposition technique is that it has a high 
material utilization efficiency and provides high structural and morphological control of deposited films. 
The disadvantage of this process is that the filament degradation in the electron gun results in non-
uniform evaporation rate and that it is difficult to coat inner surface of complex geometries 103,104. In the 
context of this thesis e-beam was used for the deposition of metal contacts.  
 
Figure 12 : Experimental set up of electron beam evaporation method 104 
 
2.3 Pyrolysis  
Pyrolysis or carbonization is a thermochemical decomposition of an organic material at high 
temperatures in an inert atmosphere. Pyrolysis can happen at different temperatures, atmospheres (e.g. 
nitrogen, forming gas, argon) and pressures (e.g. ambient or vacuum).  Depending on the initial kind of 
polymer template, polymer can change to liquid state 105, be eliminated as gas 89 or remain intact 106–108 
during the pyrolysis. Pyrolysis can be divided into three steps for thermosetting resins (e.g. SU-8) as 
shown in Figure 13 85. In the pre-carbonation step below 300 ºC, unreacted monomers and solvent 
molecules are eliminated. In the first step of carbonization, halogens and heteroatoms like oxygen are 
eliminated between 300 ºC – 500 ºC. This also results in a rapid mass loss for the polymer precursor. 
During the second step of carbonization, hydrogen, oxygen, and nitrogen atoms attached to carbon are 
removed and the aromatic network is formed. At the end of this step the density, hardness, and electrical 
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conductivity increases. The third and final step is for temperatures above 1200 ºC where annealing occurs 
and the remaining impurities are removed. The degree of carbonization, which determines the 
conductivity of the carbon depends on the final process temperature.  The inert atmosphere leads to an 
oxygen deprived surface.  
 
 
Figure 13 : Different phases in a pyrolysis of organic compound 38 
 
The selection of the polymer precursor is an important factor in obtaining glass-like carbon structures 
after pyrolysis. Different polymers like epoxy resins 110–112, polyimides 113,114, phenolic resins 115, furfuryl 
alcohol resins 116, polystyrene-block-poly (2-vinylpyridine) 117, polyvinyl chloride 118,119, polyvinylidene 
120, etc. have been used in the past. Furthermore polymer precursor have been doped with CNTs 121 or 
beats 70  to increase the mechanical stability and electrical conductivity (Figure 14.A and B). Different 
polymer template results in various surface topologies and carbon content as shown in Figure 14. C and 
D. The other important factor affecting the properties of the pyrolytic carbon is the pyrolysis temperature. 
Higher pyrolysis temperature results in higher conductivity and better electrochemical behavior 122. This 
is because at higher temperatures more graphitic regions are formed thereby increasing the conductivity 
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of the glass-like carbon 63.  However at higher temperatures more stress is observed which increases the 
probability of jeopardizing the electrode structures 123,124.  One of the main advantages of pyrolysis is 
that the high flexibility of the polymer template fabrication provides an attractive approach to tailor 
carbon structures. The pyrolysis process is a simple process with high reproducibility, high yield and 
additionally it is cost effective compared to metal electrodes. In this thesis the SU-8 polymer precursor 
is pyrolyzed at high temperatures (≤ 900 ºC) in N2 atmosphere to get corresponding carbon electrodes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 : (A) Pyrolytic carbon with CNTs 121 and (B) Pyrolytic carbon with meso-carbon micro-beads 70 (C) 
pyrolytic carbon derived from PS125 (D) pyrolytic carbon derived from PS- PDMS 125 
 
2.4 Material characterization techniques  
2.4.1 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) is a traditional electron microscopy technique widely used for 
structure characterization in materials science, chemistry, biology, and polymer science 126. By taking 
A B 
C D 
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advantage of the short wavelengths of electrons, focused by electromagnetic lenses, the SEM can achieve 
high-resolution imaging 127. When a high-energy electron beam is incident on a specimen in a high 
vacuum SEM chamber, the electrons lose energy by repeated random scattering and absorption within 
the volume of the specimen. The interaction volume can vary from few nm to mm from the specimen 
surface depending on factors like electron energy, atomic number of the specimen and the specimen 
density. Scattering of the beam results in secondary electron (SE), back-scattered electrons (BSE), X-
Rays, cathode luminescence and transmitted electrons which all provide details like surface topology and 
composition 128. Figure 15 shows the interaction volume and the region from which SE, BSE and X-rays 
can be detected.  
 
Figure 15 : The interaction volume and the region from which the secondary electrons, the backscattered electrons 
and the X-rays can be detected 128 
The conventional high vacuum SEM avoids that the gas molecules scatter and absorb the electron beam 
which results in charging in a non-conducting materials. Hence microstructure characterization within a 
polymer and surface studies of non-conductive materials remains a challenge. The development of SE 
detectors and the use of pressure limiting apertures with differential pumping in the path of the electron 
beam have facilitated the imaging of biological samples, wet samples, insulators, and polymers. Variable 
pressure scanning electron microscopy (VP-SEM) is one of the most promising and upcoming techniques 
for polymer analysis 129,130. Two of the most important aspects of this instrument are its ability to image 
insulating and poorly conducting materials because of the presence of gas in the microscope 131 and the 
development of a charge contrast imaging technique, which has unique benefits for the study of the 
inhomogeneous chemistry of complex materials 132. In a VP-SEM a positively charged detector electrode 
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is placed at the base of the objective lens above the sample chamber. An electric field is therefore 
established between the anode and the specimen. As the primary electron beam hits the sample surface, 
secondary electron emitted from the sample are attracted to the positive electrode, undergoing 
acceleration through the electric field between the grounded specimen stage and the positively biased 
anode. As they travel through the gaseous environment, collisions occur between electrons and the gas 
particles, producing more electrons and leading to ionization of the gas molecules 128. This event 
effectively amplifies the original secondary electron signal (electron cascade). Any electrons on the 
surface are neutralized rapidly by reaction with positive ions formed by the interaction of the primary 
beam with the gas molecules led into the microscope. This enables the electrons to be carried away from 
the surface of the sample, preventing the unwanted charge buildup 128. Hence this technique is widely 
used to analyze bio-samples, polymers and wet samples. In this thesis, VP-SEM is used to characterize 
the SU-8 microstructures. Figure 16 shows the less charging due to VP-SEM. 
 
  
 
 
 
 
Figure 16: SU-8 images with (A) high pressure and (B) variable pressure  
 
2.4.2 Raman Spectroscopy  
Raman spectroscopy can be used to observe vibrational, rotational, and other low-frequency modes in a 
system 133. Raman spectroscopy gives a structural footprint which can be used to identify the molecule. 
134,135. Molecules are excited to a higher energy state by a form of energy (light) and during relaxation 
light is emitted which is known as scattering. When light of frequency ν0 interacts with the molecule of 
interest, these are excited to an intermediate state called “virtual state”. During relaxation the molecules 
emit photons via scattering (Figure 17). 
A B 
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For elastic scattering, also known as Rayleigh scattering, the scattered photon is at the same frequency 
as the incident photon. Rayleigh scattering has the highest probability of occurring. For inelastic 
scattering also known as Raman scattering, the scattered photon has a different frequency than the 
incident photon. Here, the total energy is conserved by a change in vibrational energy. There are two 
types of Raman scattering depending on whether the frequency is up shifted or down shifted. If the 
vibrational state of the molecule is higher than the initial state, then the emitted photon will be shifted to 
a lower frequency to ensure that the total energy is conserved (Stokes scattering). Similarly, if the 
vibrational state of a molecule is less energetic than the initial state, the emitted photon has a higher 
frequency (anti-Stokes scattering).  The wavelength close to the Rayleigh scattering is filtered out and 
the remaining wavelengths are recorded by a detector for analysis.   
 
Figure 17 : Quantum Energy Transitions for Rayleigh and Raman Scattering 
 
In this thesis, Raman spectroscopy is used to get information about the degree of disorder of pyrolytic 
carbon. In pyrolytic carbon, the E2g vibrational mode at 1580 cm-1 (also present in graphite) and the A1g 
vibrational mode at 1360 cm-1 are Raman active. Figure 18 shows the Raman spectra of pyrolytic carbon 
derived from SU-8 photoresist where both D and G peaks are identified, which means that both 
amorphous and graphitic regions are present as reported previously for pyrolytic carbon 84. 
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Figure 18: Raman spectra of pyrolytic carbon film 
2.4.3 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic method, which 
can measure surface elemental configuration, empirical formula, chemical state, and electronic state of 
elements 136.  The XPS spectra is derived from the binding energies of the electrons in atoms 137.  When 
an X-ray is projected on the sample, the core electron of the atom has the highest probability to match 
the X-ray energy. Hence the electrons gain sufficient energy to be ejected from the surface of the sample. 
Figure 19. A shows the photoelectron generated from the sample after illuminated with X-ray source and 
Figure 19.B shows the example of the oxygen atom. The energy of the electron (core electron) is 
characteristic for the particular element. The emitted photoelectron has a kinetic energy proportional to 
the radiation energy given by equation 2.2.    
 
 𝐾𝐾𝐾𝐾 = ℎ𝜈𝜈 −  𝐾𝐾𝑏𝑏 − 𝜑𝜑 
 
     2.2 
where KE is the kinetic energy of the electron, hν is the photon energy (h is the Planck’s constant and ν 
is the frequency of incident radiation), Eb is binding energy and φ is the work function. By calculating 
the kinetic energy of the emitted photoelectrons, their binding energies in atomic orbitals can be evaluated 
and plotted as spectrum which determines the relative concentration of atomic elements in the sample. It 
can also be used to get information on the functional group on the surface 138.  
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Figure 19 : (A) Photoelectron emitted from the sample due to X-ray illumination and (B) Photoelectron emitted from 
an oxygen atom  139 
In this thesis, XPS survey spectra were used to evaluate the atomic percentage composition of pyrolytic 
carbon electrode. The analysis showed carbon (C1s) and oxygen (O1s) peaks between 280 eV -290 eV 
and 525 eV – 540 eV respectively (Figure 20) which is in accordance with previously reported results 
for pyrolytic carbon 140.  The carbon microelectrodes consists of 94.3 % of carbon and 5.7 % oxygen. 
 
 
Figure 20: Shows the XPS spectra of pyrolytic carbon film 
 
2.4.4 Four point probe (4PP) 
A four point probe (4PP) setup can be used to investigate the electrical properties of a material 141.  A 
current I is applied between the outer two probes and the voltage drop V across the inner two probes is 
measured (Figure 21). The resistance R is calculated by Ohms law (equation 2.3). 
A B 
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𝑅𝑅 = 𝑉𝑉
𝐼𝐼
 [Ω] 
 
     2.3 
For a thin homogeneous sheet, the sheet resistance (Rs) can be calculated by considering a correction 
factor (k) which is dependent on the geometry of the sample and the probe. In equation 2.4 the sheet 
resistance is expressed in ohm per square. 
 
𝑅𝑅𝑠𝑠 = 𝑘𝑘 × 𝑉𝑉𝐼𝐼  [Ω/⎕] 
 
 
     2.4 
For a known thickness of the layer (t), the resistivity (𝜌𝜌) of the material can be calculated as shown in 
equation 2.5. The 4pp was used in measuring the sheet resistance of the carbon electrodes after each 
pyrolysis step.   
 𝜌𝜌 = 𝑅𝑅𝑠𝑠  × 𝑡𝑡  
     2.5 
 
Figure 21 : Experimental setup for 4 point probe 142 
 
2.5 Electrochemistry  
2.5.1 Electrochemical cell 
An electrochemical cell consists of two half-cells, one anode and one cathode electrically connected with 
an electrolyte. Reduction always takes place at the cathode and oxidation at the anode 143.  The basic 
three electrode electrochemical cell consists of WE, CE and RF. The WE works as the cathode, the CE 
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as the anode and the RE measures the electrode potential of the cathode. When no current is flowing 
through the electrochemical cell, an equilibrium is reached. The thermodynamic cell potential or Nernst 
potential (ENernst) at this stage is called open circuit potential (OCP) which is given by equation 2.6. 
 𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑠𝑠𝑁𝑁 = 𝐾𝐾𝑐𝑐  × 𝐾𝐾𝑎𝑎  
 
     2.6 
 where Ec is the electrode potential for the cathode reaction and  Ea is the electrode potential for the 
anodic reaction. ENernst is the theoretically calculated cell potential necessary to drive the electrochemical 
cell. For a half-cell reaction it is possible to write the Nernst equation, which relates the electrode 
potential and the concentration of the electroactive species as shown in equation 2.7. 
 
𝐾𝐾𝑀𝑀 = 𝐾𝐾𝑀𝑀0 −  𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛  𝑙𝑙𝑛𝑛 1𝑀𝑀𝑁𝑁+ 
 
     2.7 
where EM0  is the standard electrode potential at standard condition, n is the number of electrodes, R is the 
gas constant, F the Faraday’s constant , T the absolute temperature and  Mn+ the concentration of the 
electroactive species  in the solution 143.  
2.5.2 Electrochemical redox reaction  
At equilibrium condition without any current flowing in an electrochemical cell in the presence of a 
redox couple the Nernst equation can be written as shown in equation 2.8.  
 
𝐾𝐾 =  𝐾𝐾0’ +  0.059
𝑛𝑛
 𝑙𝑙𝑙𝑙𝑙𝑙 [𝑂𝑂𝑂𝑂][𝑅𝑅𝑅𝑅𝑑𝑑] 
 
     2.8 
where E0’is the electrode potential, [Ox] the concentration of oxidized and [Red] the concentration of 
reduced species. When a potential deviating from the Nernst potential is applied across the electrodes, 
electrons transfer between the electrode and electroactive species in the electrolyte solution occurs, 
leading to the flow of current in an electrochemical cell.  
The potential at the electrode shifts the energy levels of the free electrons, resulting in electron transfer 
between the conducting material (electrode) and the redox species. By applying a negative potential, the 
energy of the electrons in the electrode material increases, resulting in a flow of the electrons to the 
Lowest Unoccupied Molecular Orbital (LUMO) of the electroactive species in the electrolyte. 
2. Theory on materials and methods   
24 
 
Consequently, reduction of the oxidized species (Ox) takes place (Ox + e¯ → Red). Similarly, the 
electron energy level decreases upon applying a positive potential and electrons flow from the Highest 
Occupied Molecular Orbital (HOMO) to the electrode (Figure 23). Consequently, oxidation of the 
reduced species in the electrolyte occurs (Red → Ox + e¯). 
For an electrochemical reaction to take place at the electrode surface a potential should be applied 
deviating from the formal potential E0’. The applied positive or negative potential difference with respect 
to E0’ is called overpotential η, which is the driving force for electrochemical reaction. When a potential 
is applied to the electrode a stagnant layer is formed called the Nernst diffusion layer. During the 
electrochemical reaction the redox species are replenished through this layer by diffusion, regardless of 
the overall mass transfer in the bulk solution. The anodic or cathodic current measured is related to the 
applied potential. Until the limiting current is reached it is given by equation 2.9 (assuming the diffusion 
of redox species is equal).      
 
𝜂𝜂 =   𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛
 𝑙𝑙𝑛𝑛 𝑖𝑖𝑐𝑐𝑐𝑐 − 𝑖𝑖
𝑖𝑖 − 𝑖𝑖𝑎𝑎𝑐𝑐
 
 
     2.9 
where i is the measured current, icl the cathode limiting current for reduction of oxidized species and ica 
the anode limiting current for oxidation of reduced species. 
 
Figure 22 : Energy level at equilibrium and when applying a positive or negative potential to the WE resulting in 
oxidation or reduction, respectively 38 
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2.5.3 Cyclic voltammetry (CV)  
Cyclic voltammetry (CV) is a electrochemical measurement technique, where the current at the working 
electrode (WE)  is measured as the potential is ramped linearly with time 143. CV can be used to study a 
variety of redox processes, electron transfer kinetics 144, the presence of intermediates in redox systems145  
and reversibly of a reaction 146. The potential is applied with respect to a stable reference electrode (RE) 
and the current is measured between the WE and a counter electrode (CE).  
In CV, the applied potential is swept forward from an initial potential (Eλ1) to a final potential (Eλ2) and 
then swept back to initial potential in a triangular waveform (Figure 23.A). CV probes the study of 
electroactive species on the electrodes. During the forward scan the current increases as the potential 
approaches the oxidation potential of the analyte. As the concentration of the analyte is depleted near the 
electrode/anode surface the potential drops again (Figure 23.B).  The resulting peak current is known as 
the oxidation peak current or anodic peak current (ipa). When the applied potential is reversed, it will 
reach a potential at which the reduction of the products formed during the forward scan starts. A current 
of reverse polarity from the forward scan is recorded and the peak current at the reverse bias is called the 
reduction peak current or cathodic peak current (ipc). The peak current for a reversible system is described 
by Randles-Sevcik equation 2.10 145.  
 𝑖𝑖 = 2.69 ×  105𝐴𝐴𝑛𝑛3/2𝐷𝐷1/2𝜈𝜈1/2𝐶𝐶 
 
     2.10 
where A is the area of the electrode, ν the scan rate, n the number of electron transferred per reaction, C  
the concentration of the species and D is the diffusion coefficient.  
 
Figure 23 : Cyclic voltammetry (A) Applied potential (B) Resulting voltammogram 
A B 
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For a reversible electron transfer process, the oxidation peak current is equal to the reduction peak 
current. The potential difference between the oxidation and reduction peaks (Epa - Epc) is theoretically 
59/n mV at 25 ºC with n the number of electrons transferred per reactant 147. Another important parameter 
is the ratio of peak currents (𝑖𝑖𝑝𝑝𝑎𝑎 𝑖𝑖𝑝𝑝𝑐𝑐⁄ ) which is always a unity for a Nernstian system. CV can also be 
used to evaluate the kinetic parameters of redox reaction at the electrode surface which is very useful for 
electrode surface characterization 145.  In this thesis, CV was used for characterization of the carbon 
electrodes in potassium ferri-ferrocyanide redox probe.  
 
2.5.4 Amperometry  
Amperometry in an electrochemical technique where ions in a solution can be detected based on electric 
current or changes in electric current for an applied constant potential. The constant potential to be 
applied can be determined by CV based on the anodic and cathodic peak current. The overpotential at 
which the desired electrochemical reaction is driven must be high enough to ensure rapid depletion of 
electroactive species at the electrode surface. The working electrode potential is stepped from a value at 
which no faradaic reaction happens to a potential at which the surface concentration of electroactive 
species is zero. Instantly after the step, a large current is identified which decreases exponentially with 
time due to the depletion of electroactive species close to the electrode surface 148. The mass transport is 
only driven by diffusion. The current–time curve reveals the change in concentration gradient in the 
vicinity of the electrode surface. The Cottrell equation defines the dependence of current response on 
time for planar diffusion (equation 2.11).  
 
𝑖𝑖 (𝑡𝑡) = 𝑛𝑛𝑛𝑛𝐴𝐴𝐷𝐷𝑖𝑖1 2� 𝐶𝐶𝑖𝑖∗
𝜋𝜋
1
2� 𝑡𝑡
1
2�
 
 
     2.11 
where n is the number of electrons involved, F is  Faradays constant (C mol-1), A is the electrode area 
(cm2), Di is the diffusion coefficient of electroactive specie i (cm2 s-1),  𝐶𝐶𝑖𝑖∗ is the bulk concentration of 
the component i  of a redox probe (mol cm-3) and t the time (s). In this thesis, amperometry is used for 
glucose and dopamine detection. 
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Figure 24: Chronoamperometry. (A) Change in applied potential and (B) Corresponding current response 
 
2.5.5 Squarewave voltammetry (SWV) 
The squarewave voltammetry is a sensitive form of linear potential sweep voltammetry technique where 
the electrochemical cell current is measured as a function of time and as a function of the potential 
between the working electrode and the reference electrode. The potential waveform can be viewed as a 
superposition of a regular squarewave onto an underlying staircase waveform (Figure 25.A). The current 
is measured at the end of each half-wave, just prior to the potential change (Figure 25.B) 149,150.  The 
magnitude of the peak current (i) is given by 143:  
  𝑖𝑖 =  𝑛𝑛𝑛𝑛𝐴𝐴𝐷𝐷01 2� 𝐶𝐶0∗
�𝜋𝜋𝑡𝑡𝑝𝑝�
1
2�
 ∆𝜑𝜑      2.12 
where  A is the surface area of the electrode, 𝐶𝐶0∗ the concentration of the species, D0 is the diffusion 
parameter of the species, tp is the pulse width, and Δ 𝜑𝜑 is a dimensionless parameter which gauges the 
peak height in SWV relative to the limiting response in normal pulse voltammetry. In this thesis SWV 
was used for dopamine and bone cell monitoring.  
B A 
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Figure 25: (A) superposition of regular squarewave onto an underlying staircase waveform 150 (B) Schematic 
representation of the current sampling in SWV 150 
 
2.5.6 Electrochemical impedance spectroscopy (EIS)  
 
Electrochemical impedance spectroscopy (EIS) is a powerful technique to characterize an 
electrochemical system 151. It is used in investigating the complex electrical resistance of the electrode 
surface and the bulk 152. In general two electrode (WE and CE) configuration is used to measure the 
impedance of the system. The impedance Z of a system is determined by applying a sinusoidal potential 
V and detecting the current I between WE and CE. The applied potential can be expressed as a function 
of time t as shown in equation 2.13.   
 
 𝑉𝑉 (𝑡𝑡) = 𝑉𝑉0 𝑠𝑠𝑖𝑖𝑛𝑛(2𝜋𝜋𝜋𝜋𝑡𝑡) =  𝑉𝑉0𝑠𝑠𝑖𝑖𝑛𝑛 (𝜔𝜔𝑡𝑡)      2.13 
with V0 the maximum voltage and  ω the angular frequency. The maximum voltage V0 is generally small. 
Therefore, the current response can be considered as pseudo-linear. Equation   2.14 shows the current 
response I, which is of the same frequency f but shifted in phase ∅ and has an amplitude I0. This shift is 
due to the capacitive and resistive behavior of the system. A shift of 0º indicates a purely resistive and a 
shift of -90º indicates a purely capacitive system.  
 
 𝐼𝐼 (𝑡𝑡) = 𝐼𝐼0𝑠𝑠𝑖𝑖𝑛𝑛 (𝜔𝜔𝑡𝑡 + ∅)     2.14 
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According to Ohm’s law, the impedance is the ratio of voltage time function V(t) and the resulting current 
time function I(t) (equation 2.15).  
 
 
𝑍𝑍 (𝜔𝜔) = 𝑉𝑉(𝑡𝑡)
𝐼𝐼(𝑡𝑡) = 𝑉𝑉0𝑠𝑠𝑖𝑖𝑛𝑛 (𝜔𝜔𝑡𝑡)𝐼𝐼0𝑠𝑠𝑖𝑖𝑛𝑛 (𝜔𝜔𝑡𝑡 + ∅)      2.15 
 
The impedance is a complex value and can be expressed as a modulus |𝑍𝑍| and the phase shift ∅ or by the 
real ZR and imaginary ZI parts. Using Euler’s relationship  
 
 𝑅𝑅𝑗𝑗∅ = 𝑐𝑐𝑙𝑙𝑠𝑠(∅) + 𝑗𝑗 𝑠𝑠𝑖𝑖𝑛𝑛(∅)      2.16 
The impedance Z can be expressed as  
 
𝑍𝑍 (𝜔𝜔) = 𝑉𝑉
𝐼𝐼
= 𝑉𝑉0𝑅𝑅𝑗𝑗𝑗𝑗𝑁𝑁
𝐼𝐼0𝑅𝑅𝑗𝑗𝑗𝑗𝑁𝑁−∅
=  |𝑍𝑍|𝑅𝑅𝑗𝑗∅      2.17 
 
  |𝑍𝑍|𝑅𝑅𝑗𝑗∅ =  |𝑍𝑍|  𝑐𝑐𝑙𝑙𝑠𝑠(∅) + 𝑗𝑗 𝑠𝑠𝑖𝑖𝑛𝑛(∅) = 𝑍𝑍𝑅𝑅(𝜔𝜔) + 𝑍𝑍𝐼𝐼(𝜔𝜔)  
     2.18 
where  ∅ = 𝑎𝑎𝑎𝑎𝑐𝑐𝑡𝑡𝑎𝑎𝑛𝑛 (𝑍𝑍𝐼𝐼 𝑍𝑍𝑅𝑅⁄ ) and |Z|2 = |𝑍𝑍𝑅𝑅|2 + |𝑍𝑍𝐼𝐼|2 . ZR (𝜔𝜔) and ZI (𝜔𝜔) represents the restrictive and 
capacitive components of the system respectively.  
When the electrode is immersed in an electrolyte solution and a potential is applied, a double layer is 
formed between the electrode surface and the electrolyte.  The model used to describe the charge 
distribution at the electrode –electrolyte interface at atomic level is called electrical double layer (EDL). 
Figure 26 illustrates the different layers at the electrode- electrolyte interface. The layer closest to the 
electrode is called “inner Helmholtz layer” and consists of solvent molecules and adsorbed ions. The 
inner Helmholtz plane (IHP) contains specifically adsorbed ions. The next layer is the outer Helmholtz 
layer that covers the transition of ions from electrode surface to the bulk solution. In this layer the ions 
are not adsorbed on the electrodes since they are shielded by an IHP. The ions interact with the electrode 
through a weak long-range electrostatic forces.  The outer Helmholtz plane (OHP) contains the nearest 
solvent ions. The nonspecifically adsorbed ions are distributed in the region that extends from OHP into 
the bulk of the solution called the diffusion layer.  
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Figure 26 : Illustration of charge distributions within at the electrode-electrolyte interface 153. 
 
2.5.7 Impedance contribution in EIS 
In an electrochemical system, impedance measurements are usually carried out with a two electrode 
configuration. The sensing electrode as the working electrode (WE) and a counter electrode (CE). When 
performing an impedance measurement, the recorded impedance consists of the sum of the different 
contributions (Figure 27). There is the contribution of the electrode/electrolyte interface on the WE, the 
impedance of the solution and the electrode/electrolyte interface of the CE. These contributions depend 
on the electrode material, the electrolyte, and the geometry of the system. In addition, parasitics from 
connecting wires and stray capacitance, will influence the measured impedance.  
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Figure 27: Illustration of the different contributions for impedance measurements 153 
The overall electrochemical system can be represented by electrical circuit models, which explains the 
physical phenomena that contribute to the measured impedance. The behavior of the electrode-electrolyte 
interface resembles the behavior of a capacitor. When a potential is applied across the electrode –
electrolyte interface, charges accumulate in close proximity of the interface and form an EDL. This 
current is called charging or capacitive current.  The total electrochemical system can be expressed as 
the electrode – electrolyte interface, described by a double layer capacitor Cdl and the resistance of the 
solution as resistor Rs (Figure 28.A). The impedance can be expressed as in equation 2.19.  
  𝑍𝑍𝐸𝐸−𝐸𝐸 𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖𝑎𝑎𝑐𝑐𝑁𝑁 =  1𝑗𝑗𝜔𝜔𝐶𝐶𝑑𝑑𝑐𝑐 +  𝑅𝑅𝑠𝑠      2.19 
At lower frequencies the capacitive contributions dominate and the impedance is determined by the 
charged interface. At higher frequencies the capacitance is short-circuited, the resistive contributions are 
dominating and impedance is dependent on the bulk solution. To include surface factors such as 
roughness or absorption the capacitor is replaced by a constant phase element (CPE) as shown in Figure 
28.B. The impedance of CPE is described by equation 2.20. 
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  𝑍𝑍𝐶𝐶𝐶𝐶𝐸𝐸 =  1𝐶𝐶(𝑗𝑗𝜔𝜔)𝑁𝑁      2.20 
where C is the capacitance and n is a number between 0 and 1, which indicates the degree of capacitive 
(n=1) or resistivity (n=0) properties.  
 
Figure 28 : General equivalent circuit models for electrode-electrolyte interfaces (A) simple (ideal) electrode, (B) 
including CPE to include the surface characteristics and (C) in the presence of a redox probe  
If the electrolyte contains a redox couple, the occurring redox reaction results in mass and charge transfer 
which effects the electrochemical behavior of the system. This results in adding two components in 
parallel to the interface capacitance (Figure 28.C). The Warburg impedance ZW models the influence of 
diffusion on the electron transfer rate. The charge transfer resistance RCT controls the kinetics of 
electrochemical reaction which can be given as shown in equation 2.21 143.    
  𝑅𝑅𝐶𝐶𝐶𝐶 =  𝑅𝑅𝑅𝑅𝐶𝐶`𝑛𝑛2𝑛𝑛2𝐴𝐴𝑘𝑘0      2.21 
where R is the molar gas constant, T the absolute temperature, C` the equal concentration of the redox 
probe, n the number of electrons involved in the redox process, F the Faraday constant, A the electrode 
area available for the reaction and ko the apparent standard rate constant. 
The impedance can be plotted in two different ways namely as Bode plot and Nyquist plot. Both give a 
clear visualization of system characteristics. The Nyquist plot typically consists of a semicircle and a 
linear region as shown in Figure 29. The semicircle diameter in the plot represents the charge-transfer 
resistance (RCT), which defines the electron transfer limitation. The highest point of the semicircle can 
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be used to derive the electrical double layer capacitance Cdl. The intercept of the semicircle at the real 
axis is related to the sum of the solution and external resistance (Rtot). The linear portion at low 
frequencies characterizes the diffusion-limited process.  In this thesis impedance is measured to 
characterize the electrode and also in yeast analysis.  
 
Figure 29: Illustration of Nyquist plot resulting in an electrolyte containing a redox-probe. 
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Microfluidic systems (MagClamp)  
Microfluidics can be defined as the science and technology of systems that process or manipulate small 
amounts of fluids, using channels with dimensions of tens to hundreds of micrometers 154–156. 
Microfluidic devices provide numerous advantages such as, the ability to use very small quantities of 
samples and reagents, carry out separations and detections with high resolution and sensitivity, short 
times for analysis, and small footprints for the analytical devices 157–161.  In this thesis, two microfluidic 
devices with magnetic clamping were developed for characterization of carbon electrodes in static and 
flow conditions. The design of the microfluidic systems was optimized in a finite element software 
(COMSOL).  
 
3.1 Batch systems 
To characterize the carbon electrodes in static condition the MagClamp batch system was developed. 
The fabrication process of the batch systems is illustrated in Figure 30 and described in more detail in 
paper I. The batch system was fabricated by laser micromachining of poly-methyl-methacrylate (PMMA) 
of different thickness and bonded together with pressure sensitive adhesive (PSA). Figure 31 shows the 
C4B chip integrated in the MagClamp batch system. The batch system was used to hold a defined 
quantity of liquid (300 µL) on the carbon electrode for electrochemical characterization.  
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Figure 30: Different components in the magnetically clamped batch system162 
 
 
 
 
 
 
 
 
 
Figure 31: Experimental setup with C4B chips integrated in MagClamp system 
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3.2 Microfluidic systems 
The batch systems can be used to characterize the electrodes in static condition but it’s very difficult to 
achieve to fast response, continuous nutrient feed, waste removal etc. In this thesis, microfluidic systems 
were developed to analysis non adherent cells (yeast cells) on the electrodes. The systems were optimized 
for minimal shear stress on the electrode and smallest response time to reach maximum concentration 
upon exchange of liquid or introduction of external stimuli. The microfluidic systems was used to provide 
nutrients to yeast cells without drastically distributing the cells.   
3.2.1 COMSOL simulations  
Three different types of microfluidic systems were studied by finite element simulation in COMSOL for 
integrating carbon electrodes in a microfluidic system. The carbon electrodes were assumed to be at the 
bottom of the microfluidic chamber similar to the batch system. Figure 32 shows the design of the three 
systems selected for investigation. The flow systems were considered because they offer minimal shear 
stress on the electrodes, since the analyte transport is mainly diffusion controlled. The wall-jet system 
offer a higher stress but provide a fast response time, which is significant in cell biology. Flow-thought 
systems was also investigated, since they offer a minimal response time.   
Figure 32 : (A) Flow system (B) wall-jet system and (C) flow-through system (            electrode area) 
 
The microfluidic systems were represented as 2D models as shown in Figure 33. The working electrode 
was 4 mm in diameter and 2 µm in thickness. For initial simulations the height of the chamber was set 
to 1.5 mm. The diameter of the inlet and the outlet were set to 800 µm 163. The width of the chamber was 
8mm. For the initial tests to determine the best systems for cell based applications, a laminar flow 
Multiphysics was selected in COMSOL 5.2.a. The module assumes a laminar flow across the channels 
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and the chamber when there is no drastic change in material geometry, media, pressure, or temperature. 
The chamber was assumed to be filled with PBS. The constant flow rate and concentration of a media 
(glucose) were constant at the inlets and were set as 20 µL/min and 10 mM/m3 respectively. This 
experimental setup will mimic the media exchange on the electrode in ideal conditions. The glucose 
diffusion coefficient was set to be 0.6×10-9 m2/s 164. All the studies were conducted at room temperature 
and all other conditions are neglected. For finite element simulation a very fine mesh is established along 
the electrode. A time dependent study is performed to analyze the change in concentration and shear 
stress along the electrode.     
 
Figure 33: 2D models of (A) flow system (B) wall-jet system and (C) flow-through system 
Table 1 summarizes the time required to reach the maximum concentration (response time) on the 
electrode (WE) surface and the average shear stress along the electrode at that time for the three designs. 
The flow system has a minimum shear stress but has the highest response time. The flow through system 
has the highest shear stress and the fastest response time. But the wall-jet system has a comparable 
response time with a lower shear stress when compared to flow through system. In this thesis wall-jet 
systems were selected for all further optimizations. Table 2 shows the concentration gradient at time T = 
60 s and at the end of the experiment (i.e. when the maximum concentration is reached). Table 2 also 
shows the shear stress profile at the end of the experiment. 
Table 1 : Average shear stress and response time to reach maximum concentration for different microfluidic systems 
System Shear stressav (µPa) Response time (s) 
Flow 0.00001 1091 
Wall-jet 0.00724 261 
Flow-through 0.00974 240 
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Table 2: Concentrations and shear stress at different time during the experimental 
 Concentration at T 60 s Concentration Tend Shear stress at Tend 
Flow 
system 
   
Wall-jet 
system 
   
Flow-
through 
system 
  
 
 
 
In the wall-jet system the height of the chamber and the position of the outlets are optimized to have a 
faster response time and minimum shear stress. To further reduce the shear stress on the WE, the flow 
rate was reduced to 10 µL/min in the following experiments. The system is symmetrical along the center 
hence an axial symmetry is added at the center. Figure 34.A shows the change in response time as the 
height of the chamber is varied. The smallest chamber height resulted in the fastest response because the 
glucose can reach the electrode surface faster. However, the smaller chamber height results in a higher 
shear stress (Figure 34.B). Hence a wall-jet system with a chamber height of 1.5 mm was selected.  The 
second parameter is the factor k, i.e. the distance of the outlets from the center of the chamber. Figure 
34.C and D show the concentration distribution of the glucose and shear stress on the electrode when the 
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position of the outlets is varied. As the position of the outlet is varied the distribution of glucose and 
shear stress remains constant at the center of the electrode and has a small variation at the edges. Hence 
the position of the outlet doesn’t matter for the selected range of dimensions.  The final optimized wall-
jet system has a chamber height of 1.5 mm and outlets at 2 mm from center. 
 
 
Figure 34: (A) concentration of glucose on the electrode with respect to time, (B) shear stress on the WE as the 
chamber height is changed (C) - (D) concentration profile and shear stress on the electrode as the outlets are moved 
3.2.2 Fabrication of wall-jet system  
The wall-jet system was fabricated by micro-milling PMMA sheets and bonding them together by PSA. 
Figure 35 shows the different layers in the system. The topmost part (1) consists of a magnet holder and 
an external connection port. The microfluidic channels were micro-milled on the third PMMA sheet (3) 
B A 
C D 
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1 mm and the channels were closed by another PMMA sheet (2) with a thickness of 0.5 mm on top. The 
fourth layer of PMMA (4) has a thickness of 1.5 mm includes a slot for the O-ring, which is very 
important to achieve a good sealing around the electrodes. This layer also defines the height of the 
microfluidic chamber. The fifth layer (t = 0.5 mm) has a slot for integrating the carbon chip. The sixth 
layer has the slots for the magnets and a seventh layer of PMMA (t = 0.5 mm) is used to seal the magnets 
in their respective slots.     
 
Figure 35: Different layers in a wall-jet system without PSA 
 
The overall dimensions of the fabricated microfluidic chip is 7 cm × 2.5 cm (Figure 36). The magnets 
are used to seal the chamber. The fabricated systems provides a simple and fast integration of carbon 
electrodes into a microfluidic set-up. In addition the system is low cost, allows easy interfacing and is 
compact.  
1 
2 
3 
4 
5 
6 
7 
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Figure 36: Carbon electrode integrated in a wall-jet system  
 
3.3 Conclusion  
Easy, fast, low cost and compact microfluidic systems were developed for testing carbon microelectrodes 
in static and dynamic conditions. The batch system was used for characterization of carbon electrodes in 
static conditions (paper I, paper II, paper V). To integrate the carbon electrodes in flow, a microfluidic 
device (wall-jet) was optimized in a finite element software (COMSOL). Wall-jet systems with a 
chamber height of 1.5 mm and outlets at 2 mm from the center was found to be optimal for the planned 
cell based applications. The optimized microfluidic system was fabricated with micro-milling and 
bonding.  In the context of this thesis, the wall-jet system will be used in yeast analysis.   
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2D carbon electrode (Carbon4Bio chips)   
In this chapter a carbon4bio (C4B) chip was designed with 2D pyrolytic carbon as working electrode. 
2D pyrolytic carbon as contact leads was fabricated and characterized for minimal loss. The C4B chip 
was also optimized with different electrode thicknesses.    
4.1 Chip design (C4B) 
A three electrode chip for electrochemical measurements with pyrolytic carbon as WE (diameter = 4 
mm) was designed. The CE was also designed to be pyrolytic carbon. The dimension of the CE was 1.25 
times bigger then WE electrode, so that the CE doesn’t limit the kinetics of the electrochemical process 
under investigation. A pseudo Au reference was selected to complete the three electrode system.  The 
overall chip dimension was 1cm × 3cm. The dimensions were selected to be in sync with the 
commercially available Dropsens electrodes which would help in further interfacing the electrode with 
the potentiostat.  
 
4.2 Fabrication of 2D carbon electrode  
A three electrode electrochemical chip was designed and fabricated with the 2D pyrolytic carbon as the 
working and counter electrode. Figure 37 shows the schematic of the process flow for fabricating 2D 
C4B chips. A negative epoxy resin (SU-8) is patterned on Si/SiO2 substrate with UV- photolithography 
and pyrolysed at 900 ºC or 1 h in nitrogen atmosphere to obtain 2D pyrolytic carbon electrodes (Figure 
38.A). The fabrication process of 2D carbon is  explained in detail in Paper I 122.  The Gold (Au) contacts 
and pseudo reference is added by e-beam evaporation through a shadow mask (Figure 38.B).  The 
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passivation layer of SU-8 is added to define the working electrode region (Figure 38.C). Figure 38.D 
shows the fabricated electrochemical 2D chips.   
 
 
 
 
 
 
Figure 37: Schematic process flow for fabrication C4B chips (A) Spincoating SU-8 and SB, (B) UV exposure and 
PEB, (C) Development and hard bake and (D) pyrolysis and Au deposition 
 
 
 
 
 
 
 
 
 
 
Figure 38 : (A) 2D carbon electrodes (WE and CE) and contact leads (B) Au contact and reference deposited on 
carbon (C) SU-8 passivation and (D) Fabricated C4B chips 
 
 
 
D A B C 
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C D 
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4.3 Electrochemical characterization of C4B chips 
The 2D carbon electrodes are characterized electrochemically for high signal or minimal lose. The 
electrochemical characterization of C4B chips provides information of the electron transfer process and 
the interaction between the electrode surface and the electrolyte. Two electrochemical techniques were 
used, CV and EIS.  Peak current (Ip) and peak potential difference (∆Ep) were obtained from CVs. For 
an ideal electrochemical behavior a higher Ip and lower ∆Ep is desired. All the electrochemical 
experiments (CV and EIS) were carried out with a standard 10 mM potassium ferri-ferrocyanide 
([Fe(CN)6]4-/[[Fe(CN)6]3-) redox probe in phosphate buffer in the batch system. The C4B chips were 
placed in the bottom plate of the batch system and sealing was achieved with the O-ring of the top plate. 
300 μL of redox probe were pipetted on the electrode for each measurement. CV was conducted with a 
three electrode configuration and a scan rate of 100 mV/s in a potential range of -1.2 V to 1.2 V. EIS was 
performed using a two-electrode configuration (WE and CE) acquiring data in the frequency range of 
0.1 Hz – 106 Hz at 10 points/decade while applying a sinusoidal potential of 10 mV. 
 
4.4 Surface treatment of electrode 
The electrode chips were pretreated in oxygen (O2) plasma at 50 W for 60 seconds at a pressure of 0.4 
bar before the electrochemical measurements. Plasma treatment is one of the most effective, rapid, and 
versatile surface treatment for carbon electrode. This method can used to introduce a wide range of 
functional groups by varying the parameters such as power, gas, pressure, and treatment time 84,165. The 
excited species strongly interact with the carbon surface and influence the physical and chemical 
properties. In this work, O2 plasma was used to increase the surface wettability of the electrode and as a 
physical cleaning process 38,166.  Plasma treatment plays an important role in obtaining distinct redox 
peaks during CV (Figure 39). The carbon electrode thickness in those experiments was 0.7 µm. The CV 
recorded with the carbon electrodes before plasma treatment displayed no distinct peaks compared to the 
electrodes after plasma where a distinct redox peak at 0.6 V and -0.55 V was recorded respectively.  
Hence for all the electrochemical characterization in this thesis carbon electrodes were pre-treated with 
O2 plasma.   
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Figure 39: CV of 2D carbon electrode before and after plasma treatment 
 
4.5 Optimization of 2D C4B chip 
4.5.1 Contact leads width optimization   
To reduce the overall cost and increase the fabrication yield of the chip, pyrolytic carbon as contact leads 
was tested. In the first series of experiments, the influence of contact leads on the electrochemical 
performance of the chip was investigated. Initially only carbon as contact leads and contact pads was 
fabricated. These chips failed to produce any electrochemical signal, since interfacing with the 
potentiostat was not possible, without damaging the carbon contact pads. Carbon contact leads with 
different widths were fabricated with Au contact pads. As shown in Figure 38.B the electrochemical chip 
has the contact leads fabricated with pyrolytic carbon and Au. Au was added for the contact pads to ease 
the connection to potentiostat. Chips with four different contact leads widths (700 µm, 500 µm, 250 µm 
and 100 µm) were fabricated and characterized electrochemically with CV and EIS (Figure 40).  The 
thickness of the carbon electrodes was 0.7 µm.  Figure 40.A shows the voltammograms for different 
contact lead widths in 10 mM [Fe(CN)6]4-/[[Fe(CN)6]3- in PBS. The peak current was extracted. The 
second parameter considered in this study was ∆Ep, which is 59 mV for a reversible redox reaction. 
Hence an ideal electrochemical behavior corresponds to a high peak current and low ∆Ep. According to 
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the Randles-Sevcik equation the peak current varies with the electrode area, diffusion coefficient, redox 
species, concentration or the potential scan rate 143. In our experiments, peak current is a direct indicator 
of overall resistance or minimal loss of the signal since all the other parameters were kept constant. Table 
3 shows the anodic peak, cathodic peak and ∆Ep. It can be seen that there is an increase in peak current 
and decrease in ∆Ep as the width of the contact leads is increased from 250 µm to 700 µm. For a contact 
lead width of 100 µm, no current was detected. This can be explained by the high resistance offered by 
the carbon material compared to metals (such as Au). As the width of the contact leads was increased the 
overall resistance is decreased and hence a minimal loss is achieved.  
 
 
Figure 40: (A) CVs and (B) EIS of carbon electrodes with different contact lead widths 
 
Table 3 : Values of Ip and ∆Ep for different contact lead widths (N=4) 
Leads widths Anodic peak current (µA) Cathodic peak current (µA) ∆Ep (V) 
700 µm 187.3 ± 4.20 
 
-185.3 ± 6.38 
 
1.03±  0.002 
 
500 µm 126.7 ± 1.82 -116.7 ± 8.25 1.29± 0.035 
 
250 µm 19.90 ± 5.93 -19.10 ± 3.37 1.66 ± 0.069 
 
100 µm - - - 
B A 
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The decrease in the resistance as the width is increased can be seen in the EIS study (Figure 40.B). An 
equivalent circuit is fitted to derive the charge transfer resistance (Rct) from the impedance spectra (Figure 
41) 26,27,122.   The charge transfer resistance of carbon electrodes with contact widths of 700 µm, 500 µm 
250 µm and 100 µm was 4.02 kΩ, 5.78 kΩ, 11.98 kΩ and 42.51 kΩ respectively.  
        
 
 
 
 
 
 
 
 
 
 
 
Figure 41 : Nyquist plot of carbon electrode with a contact width of 700 µm. Insert shows the equivalent circuit 
model. 
4.5.2 Au vs. carbon leads  
To improve the electrochemical performance and reduce losses in the contact leads, the carbon leads 
were partially replaced with the Au contact leads. Figure 42.B shows the modified chip design. The 
fabrication process is the same as outlined above and described in paper I, except for a different shadow 
mask for e-beam deposition. By replacing the carbon leads, the resistance at the contact leads is 
minimized and a higher signal (higher Ip = 28.3 mA and lower ∆Ep = 0.36 V) is achieved (Figure 43).   
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Figure 42: Optimized carbon electrode chip  
 
Figure 43 : CV of carbon electrodes with carbon and Au contact leads 
 
An EIS study was carried out to compare the pyrolytic carbon microelectrode with carbon and Au contact 
leads with commercial screen printed carbon electrodes (from Dropsens). The area of the working 
electrode in all the three case was 12.56 mm2. Figure 44 shows the EIS in PBS. The carbon electrodes 
with the Au leads have a lower impedance than the carbon leads. The screen printed electrode has the 
lowest impedance, which can be explained by a higher surface roughness and having a low resistance 
metal below the electrode area. In addition, the decrease of the phase in the high frequency range could 
indicate that the carbon lead and the resulting resistance were influencing the parasitic effect.   
A B C 
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Figure 44 : Impedance spectra of carbon electrodes with carbon and Au contact leads compared with a screen 
printed commercial electrode 
 
4.5.3 Electrode thickness optimization  
To evaluate the effect of carbon WE thickness on the electrochemical analysis, three different thicknesses 
(0.7µm, 1.1 µm and 2.2 µm) were fabricated. The fabrication process is the same as explained above and 
in paper I. Three different thicknesses of SU-8 film were spin-coated which after pyrolysis resulted in 
carbon electrodes with three different thicknesses. Table 4 summarizes the thickness of SU-8 and the 
corresponding carbon thickness with the sheet resistance measured after pyrolysis. Figure 45 summarizes 
the CVs of the electrodes with different carbon thickness. By increasing the carbon thickness, the amount 
of electron transferred is increased which in turn increases Ip and decreases ∆Ep. This can be explained 
by the decrease in sheet resistance of the electrodes shown in Table 4. 
Table 4 : Polymer template (SU-8) and corresponding carbon electrode (WE) heights and their sheet resistances 
SU-8 height (µm) Carbon height (µm) Sheet resistance (Ω/sq) 
5.7±0.3 0.70 ± 0.07 260 ± 7.6 
9.2±0.2 1.12 ± 0.02 202 ± 21.1 
17.1±0.4 2.25 ± 0.08 81.1± 7.9 
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Figure 45: Voltammogram of different thickness of carbon WE with Au contact leads (N =4) 
 
Figure 46 shows the measured impedance spectra of carbon WE with different thicknesses in PBS. The 
carbon electrodes with 1.1 µm and 2.2 µm carbon thickness show the same qualitative behavior as the 
0.7 µm thick carbon electrode. By increasing the thickness of the carbon electrode, the impedance at high 
frequency is reduced. Additionally, the phase at the high frequencies decreases with an increase in the 
thickness of the carbon electrodes.  
 
 
 
 
 
 
 
 
 
 
 
Figure 46: Impedance spectra of carbon electrodes with different WE thickness 
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4.6 Conclusion  
The 2D carbon electrode chip (2D C4B) was successfully optimized to have a lower impedance at high 
frequency and reduced the resistive loss in the carbon contact leads. The maximum losses were due to 
the carbon contact leads, by covering the leads with Au the losses were reduced. To enhance the electron 
transfer at the electrode the WE electrode thickness was increased. The thicker WE resulted in a higher 
Ip and lower ∆Ep. The optimized 2D electrode will be used as a base for fabricating 3D carbon 
microelectrodes (chapter 5). 
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3D carbon microelectrodes  
In this chapter, C-MEMS fabrication process is used to fabricate 3D carbon microelectrodes for 
electrochemical sensing. The suspended 3D polymer template (SU-8) was fabricated with UV 
photolithography at three different wavelengths (313 nm, 365 nm and 405 nm). The fabrication 
techniques developed for fabricating polymer template is simple, reproducible, and cost effective when 
compared to the previously reported techniques (paper III)78,79,167–169 . Three different fabrication 
processes are established for fabrication of 3D epoxy based suspended layer polymer template on the 
working electrode of an electrochemical chip described in Chapter 4.  The polymer template is pyrolyzed 
at 900 ºC for 1 h to obtain a 3D pyrolytic carbon microelectrodes on the WE.  
 
5.1 3D carbon microelectrodes with 365 nm partial UV exposure  
5.1.1 Fabrication of 3D C4B chips  
A three electrode electrochemical chip was fabricated with 3D pyrolytic carbon as working electrode. 
The fabrication process is illustrated in Figure 47 and explained in detail in paper II. Suspended SU-8 
polymer template is fabricated with multiple UV exposure and pyrolyzed at 900 ºC for 1 h in N2 
atmosphere. The UV exposure was carried out at 365 nm wavelength. A partial exposure was optimized 
for fabricating suspended SU-8 structures. 
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Figure 47 : Schematic of carbon microelectrode fabrication (A) Starting Si substrate (B) Thermal oxidation (C) SU-8 
2035 is spin coated and soft baked (D) 1st UV exposure and post exposure bake (E) Second layer SU-8 2075 is spin 
coated and baked (F) 2nd UV exposure (G) short 3rd UV exposure and post exposure bake (H) Development in 
PGMEA (I) Pyrolysis at 900 ºC for 1 h (J) e-beam Au deposition through a shadow mask; (K) Top view of the 
microelectrode chip without and with passivation (SU-8 2005) layer 27 
 
5.1.2 Exposure dose optimization  
The most important parameter in fabricating the 3D polymer template is the partial UV exposure. The 
optimization of the partial exposure dose is explained in Paper I. Figure 48 shows that a small variation 
in the optimized exposure dose of the partial exposure results in a complete crossing or no crosslinking 
at all.  
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Figure 48: Optimization of partial UV exposure (D2) with different exposure dose: (A) 21 mJcm-2; (B) 28 mJcm-2; 
(C) 35 mJcm-2; (D) 42 mJcm-2 (Scale bar – 25μm) 
 
5.1.3 3D Electrode design optimization  
The design of SU-8 polymer template for pyrolysis was also optimized. Some of the main design 
variables were SU-8 pillar diameters (d = 10–100 µm) with a varying pitch (a = 20–250 µm), hole 
diameter w and distribution of the holes defined in the suspended SU-8 layer (w = 10-200 µm). Figure 
49 shows the resolution limit for the supporting pillars to obtain 3D suspended microstructures with 
multiple step of UV photolithography. Two different parameters, pillar diameter (d) and pillar pitch (a) 
evaluate the mechanically stable suspended layer. As d decreases and a increases, the suspended SU-8 
layer shows a higher tendency to collapse due to lack of mechanical stability which results from the low 
partial exposure dose. Pillars with d = 10 µm can support a suspended layer for a ≤ 60 µm (Figure 49.A 
and B) whereas a collapse is observed for a ≥ 100 µm (Figure 49.C). However, for structures with a ≥ 
100 µm a suspended layer can be fabricated by increasing the pillar diameter (Figure 49.D and E). 
Moreover, different designs of the suspended layer can be fabricated by changing the number and the 
diameter (w) of holes such as the one shown in Figure 49.F. 
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Figure 49: Comparison of different SU-8 templates with 3D suspended structures fabricated with two steps of UV 
exposure (A)-(C): d=10 µm, w=40 µm, a=30, 60 and 100 µm, (D)-(E): d=25 and 50 µm, w=40 µm, a=100 µm, (F): 
d=25 µm, w=20 µm, a=150 µm (Scale bar–25µm) 
 
 
5.1.4 Characterization of the carbon microelectrodes  
The polymer template fabricated with UV photolithography was pyrolysed to get the 3D carbon 
microelectrodes. Five designs of 3D microelectrodes were fabricated on the WE. The characterized of 
the different designs with Raman spectroscopy, XPS, and SEM is explained in paper II. The optimized 
design of the 3D carbon microelectrode chip was compared with the 2D electrode and 2D electrodes with 
micro pillars on top (Figure 50.A-E). The detailed characterization and comparison of these electrodes 
is described in Paper II. In summary, the 3D carbon microelectrode show a sensitivity two fold higher 
than the 2D electrodes due to approximately two times more surface area (Figure 50.F).  
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Figure 50: (A- B) Carbon microelectrodes : A- 2D, B- 2Dp and C- 3D (design 1), (D-E) SEM image of working 
electrode of 2Dp and 3D, (F) CV with 10mM Fe(CN)63−/4− (N = 4 chips) 
 
5.2 3D carbon microelectrodes with UV exposure at different wavelengths 
5.2.1 Fabrication of 3D polymer templates   
The 3D carbon microelectrode developed with pyrolysis of SU-8 fabricated by a partial exposure at 365 
nm wavelength has a very narrow process window (5±1 sec UV exposure) as explained in Figure 48. We 
observed that minor variations in parameters such as the baking temperature, humidity, and exposure 
dose results in cracks and difficulties to control the suspended layer thickness. Furthermore, instability 
of the features with a size smaller than 10 µm was seen (Paper III). Alternatively, the use of a lower 
wavelength (313 nm) to crosslink or pattern the suspended layer has been proposed 78. At this wavelength, 
the absorption by SU-8 is increased, resulting in a lower penetration depth of the UV radiation. Figure 
51 describes the fabrication process for fabricating 3D SU-8 polymer template with 313 nm wavelength 
UV exposure.  
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Figure 51: Schematic of the 313 nm UV lithography process: (A) SU-8 is spin coated on a Si/SiO2 substrate and soft-
baked; (B) 1st UV exposure at 365 nm; (C) 2nd partial UV exposure at 313 nm and post-exposure bake; (D) 
Development in PGMEA170 
 
In this work, we introduce a third approach for fabrication of suspended layers of epoxy based 
photoresists with UV photolithography using a higher wavelength of 405 nm. The combination of two 
different photoresists (SU-8 and mr-DWL) is exploited to fabricate suspended layers with a precise 
lateral and longitudinal resolution. This novel approach is compared with a process using partial exposure 
at wavelengths of 313 nm to crosslink the suspended layers. Compared to the earlier work, all the 
processes were carried out with a low temperature baking profile to minimize the thermal stress 171,172.  
After optimization of the exposure dose, both fabrication processes resulted in a well-defined suspended 
layer in lateral direction. However, the fabrication process with 405 nm and mr-DWL provided a wider 
processing window and improved control of the thickness of the suspended layer. Figure 52 illustrates 
the fabrication process of fabricating 3D polymer template with 405 nm wavelength UV exposure.  
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Figure 52: Schematic of 405 nm microfabrication process: (A) SU-8 is spin coated on a Si/SiO2 substrate and soft-
baked; (B) 1st UV exposure at 365 nm; (C) mr- DWL 40 spin coating on SU-8; (D) 2nd UV exposure at 405 nm and 
post-exposure-bake; (E) Development in PGMEA 170 
 
5.2.2 Exposure dose optimization for 313 nm and 405 nm UV exposure 
The fabrication and optimization of 3D SU-8 polymer template for pyrolysis is explained in detail in 
Paper III. The UV exposure at 313 nm limits the crosslinking to the top surface, due to the high absorption 
of SU-8. The optimized exposure dose for high lateral resolution was 3.15 mJcm-2 (3 s of UV exposure). 
To improve the vertical resolution the 405 nm wavelength UV exposure process was developed, since 
the photo-initiator in SU-8 is not activated at 405 nm wavelength. The optimized exposure dose to pattern 
mr-DWL with thickness of 17 µm (suspended layer) on SU-8 is 31.50 mJcm-2 (3 s of UV exposure). 
     
5.2.3 3D carbon microelectrodes  
The polymer templates fabricated with multiple UV exposures were pyrolyzed to obtain 3D carbon 
microelectrodes. The pyrolysis process was the same as for the 2D electrodes. The polymer template was 
hard baked at 95 ºC for 15 h before pyrolysis. The polymer was pyrolysed at 900 ºC for 1 h in N2 
atmosphere with a ramp of 2 ºC/min and an intermediate step at 200 ºC for 30 min.  Figure 53 shows the 
polymer templates and their corresponding carbon microelectrodes. 
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Figure 53:  Polymer fabricated with (A) 313 nm (C) 365 nm and (E) 405 nm UV exposure and (B), (D) and (F) are 
corresponding 3D carbon structures respectively. 
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100 µm 100 µm 
100 µm 200 µm 
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5.2.4 Shrinkage analysis  
Shrinkage plays an important role in fabricating a 3D microelectrode with C-MEMS process. Figure 54 
shows the SU-8 template and the corresponding carbon structures with shrinkage, detailed explanation 
is given in paper II. The overall height of the electrode, pillar diameter and suspended layer thickness 
shrink by 48.26%, 41.01% and 48.43% respectively.  
 
Figure 54: (A) SU-8 polymer microstructure template, (B) Corresponding carbon microstructures and (C) 
Percentage shrinkage analysis 27  
 
5.2.5  Electrochemical characterization of 3D carbon microelectrodes 
The 3D carbon microelectrode fabricated by pyrolysis of SU-8 with 313 nm and 405 nm wavelength UV 
exposure were characterized with CV. The electrochemical experiments were carried out with a 10 mM 
[Fe(CN)6]4-/[[Fe(CN)6]3-) redox probe in the batch system. 300 μL of redox probe were pipetted on the 
electrode for each measurements. CV were acquired with a three electrode configuration and a scan rate 
of 100 mV/s in a potential range of -0.6 V to 0.6 V. The voltammograms were compared to the 3D carbon 
electrodes fabricated with 365 nm UV exposure (Figure 55). All the three polymer templates were 
pyrolyzed at the same temperature (900 ºC) and displayed similar characteristics. The CVs from the 405 
nm process showed a slightly higher signal. This can be explained by a higher surface area from the 
added layer of mr-DWL resist.  
5. 3D carbon microelectrode   
61 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 55: Cyclic voltammograms of 3D carbon microelectrodes fabricated with the three different processes 
 
5.3 Conclusion  
Three fabrication processes were optimized for the fabrication of SU-8 polymer templates. The 
suspended structures were pyrolyzed to obtain 3D carbon microelectrodes. The fabricated 
microelectrodes are characterized with Raman spectroscopy, XPS, SEM and electrochemical methods 
(CV and EIS). The fabrication process with 405 nm UV exposure has a higher process window for 
suspended layer fabrication. Hence only fabrication process with 405 nm UV exposure is used further 
optimization of 3D carbon microelectrodes during pyrolysis and in test applications (yeast analysis, 
dopamine detection and ALP detection).   
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Pyrolysis process optimization  
The pyrolysis process plays an important role in tailoring the electrode properties. Different parameters 
such as maximum temperature, dwell time, heating rate, gas composition, and number of steps can affect 
the electrode performance. The goal of this experiments described in this chapter was to increase the 
mechanical stability, decrease the electrode resistance and increase the electrochemical performance 
(higher Ip and lower ∆Ep).  Figure 56 shows the pyrolysis profile with the important factors affecting the 
electrode properties. This work was based on the results from the other members in the team 122. 
 
Figure 56: Pyrolysis profile with some important parameter  
 
6.1 Pyrolysis with different temperatures, heating rates and steps  
The SU-8 3D microstructures fabricated with 405 nm UV exposure were used as the polymer template 
for pyrolysis.  To fabricate more conductive and mechanically stable 3D carbon microelectrodes three 
different parameters were varied: The maximum temperature (700 ºC, 900 ºC and 1100 ºC), the heating 
rate (1 ºC/min and 10 ºC/min) and the number of steps. The maximum temperature was limited the by 
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the furnace used. The preliminary experiments were conducted in a 3 week project and doesn’t represent 
a full experimental study.  
Table 5 shows the different pyrolysis parameters used and the corresponding sheet resistance measured 
immediately after the pyrolysis. All the processes had the same dwell time (60 min), gas flow (N2), and 
cooling step i.e. natural cooling to room temperature.  The process with the lowerst temperature (700 ºC) 
shows the maximum sheet resistance (14 kΩ/sq) because SU-8 is not completely carbonized. The 
pyrolysis with the highest temperature (1100 ºC) showed the least sheet resistance (22-29 Ω/sq) which 
is comparable to our previously reported values 122. This is because higher temperature allows formation 
of more graphitic regions.  The heating rate (1- 10 ºC/min) did not seem to have a large influence on 
electrode conductivity. An intermediate step of 30 min was introduced at 200 ºC and 600 ºC. Additional 
steps also seemed to not influence the electrode resistance. One of the most important factors for 
fabricating 3D electrodes is the mechanical stability after pyrolysis. Figure 57.A and B show the SU-8 
polymer templates (Design 5 and 1 in paper II) which were pyrolyzed with all the conditions described 
in Table 5. All the designs survive the pyrolysis process and show high mechanical stability (Figure 57. 
C and D) except design 2 at 1100 ºC. The low gap between the pillars (10 µm) in design 2 results in a 
higher intrinsic stress at higher temperature and results in delamination of the electrode from the substrate 
(Figure 57.E and F).   
 
Table 5: Pyrolysis process parameters and their corresponding sheet resistance 
Steps Ramp 
(ºC/min) 
Temperature 
(ºC) 
Sheet resistance 
(Ω/sq) 
0 1 700 14k ± 270 
0 1 900 55 ± 7.78 
1 (200 ºC) 10 900 58 ± 3.3 
2 (200 ºC and 600 ºC) 10 900 66 ± 5.2 
0 1 1100 22 ± 2.87 
0 10 1100 29 ± 6.98 
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Figure 57: (A) - (B) SU-8 templates, (C) - (D) pyrolytic carbon electrodes and (E) – (F) damaged carbon electrodes 
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6.2 Electrochemical characterization 
To test the electrochemical performance of the pyrolytic carbon 3D microelectrodes fabricated at high 
temperature (1100 ºC @ 10 ºC/min), CV was performed. CV was carried out with a 10 mM [Fe(CN)6]4-
/[[Fe(CN)6]3- redox probe in the batch system. 300 μL of redox probe were pipetted on the electrode for 
each measurement. CVs were acquired with a three electrode configuration and a scan rate of 100 mV/s 
in a potential range of -0.6 V to 0.6 V. The voltammogram of carbon at higher temperature showed a 
higher peak current (0.63 mA) and smaller ∆Ep (0.21 V) (Figure 58).   
 
Figure 58: CV of 3D carbon electrodes fabricated at 1100 ºC and 900 ºC 
 
6.3 IDE carbon electrodes  
The optimized process of 405 nm UV exposure followed by pyrolysis at 1100 ºC was transferred to 
fabricate the 3D interdigitated electrodes (IDE) in an MSc project by Ioannis Mantis. The IDEs were also 
characterized electrochemically. Fabrication and characterisation is described in a manuscript draft 
(paper IV). Figure 59. A shows the 3D pyrolytic carbon IDE fabricated with multiple UV exposure 
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followed by pyrolysis at 1100 ºC for 1 h. Figure 59. B shows the CVs obtained with different 
concentration of [Fe(CN)6]4-/[[Fe(CN)6]3- in PBS. More detailed analysis is described in paper IV. 
 
Figure 59: (A) Shows the 3D pyrolytic carbon IDE and (B) CVs at of 3D IDE (design 2) with different concentration 
of [Fe(CN)6]4-/[[Fe(CN)6]3- in PBS 
 
6.4 Conclusion  
The pyrolysis process to fabricate the 3D carbon microelectrodes was optimized for increased 
conductivity and improved electrochemical performance (higher Ip and lower ∆Ep). The high temperature 
process (1100 ºC) combined with 405 nm UV exposure to fabricate the polymer template, a highly 
controlled process was developed to fabricate a 3D carbon microelectrode.   
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Applications  
This chapter gives an overview of the implementation of the highly sensitivity 3D carbon microelectrodes 
for several different applications such as (i) glucose biosensor, (ii) yeast analysis in a flow system, (iii) 
human stem cell differentiation and bone cell analysis. The developed 3D carbon based microelectrode 
is a more sensitive, enables easy surface functionalization, cost efficient, and provides a biocompatible 
platform for electrochemical application. The following application enhances the importance of 3D 
carbon microelectrodes compared to 2D carbon electrodes.  
 
7.1 Glucose biosensor 
Electrochemical biosensors are one of the most mature sensor technology in real-world applications 173–
176. Therefore, research and development of electrochemical biosensors is presently one of the most lively 
area for various important applications such as health care diagnostics 177, environmental monitoring 178, 
food quality control 179, security and defense etc 180. The electrodes are the central part of all 
electrochemical applications and are used as transducer in electrochemical biosensing devices 181. 
Therefore, design and optimization of electrodes is an integral part for advancement of electrochemical 
biosensors. In this thesis, amperometric glucose sensing was used as an example/model system for 
biosensing. The highly sensitive 3D carbon microelectrodes described in section 5.1 were functionalized 
using reduced graphene oxide (RGO) for electrochemical glucose sensing. The sensitivity and detection 
limit of 3D microelectrodes were compared to 2D electrodes functionalized with RGO. Figure 60 shows 
the current response obtained from amperometric glucose detection with different concentrations. The 
current response obtained with 3D carbon microelectrodes is higher than 2D electrodes, which shows the 
higher sensitivity (5 folds) of 3D microelectrodes. The 3D electrodes are also tested for selectivity and 
glucose detection in real blood serum.  This work is done in collaboration with Arnab Halder, PhD 
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student at DTU Chemistry under the supervision of Associate Prof Qijin Chi. The results are discussed 
more in detail in paper V.  
 
 
 
 
 
 
 
 
 
 
 
Figure 60: Current values obtained from amperometric measurement for glucose detection on 2D and 3D carbon 
electrodes with increasing concentration of glucose. 
 
7.2 Yeast analysis 
To evaluate the application of the 3D carbon microelectrodes for impedance measurements, preliminary 
experiments with yeast (Saccharomyces cerevisiae) cells were performed. Yeast is the most common 
microorganism used in baking, winemaking, and brewing 182. Impedance is one of the most common 
method used to analysis yeast cell seeding 9. The goal of the experiments was to correlate the cell 
concentration to the measured impedance. As the number of cells on the electrode surface increases the 
overall impedance also increases 153. Yeast cells are non-adherent cells which influences the impedance 
measurements. The experimental set-up shown in Figure 31 was used for initial experiments. 100 µL of 
PBS were added on the 2D electrode chip and impedance was measured between working and counter 
electrode. A standard concentration of yeast cell of 6.9 × 105 cells/mL was added and a second 
impedance was measured (Y (0min)). The cells were allowed to settle at the bottom of the chamber for 
30 min and impedance was measured again (Y (30min)). Then glucose solution of 1 M concentration 
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was added to initiate cell growth and impedance was measured (G (0h)). A final impedance value was 
measured after 2 h of glucose addition (G (2h)). Figure 61.A shows the EIS spectra at the five time points 
explained above and Figure 61.B shows the impedance sampled at 1 Hz for yeast and PBS on 2D carbon 
electrodes. The low frequency of 1 Hz was selected to monitor the yeast cells near the electrode surface 
9.  The impedance at 1 Hz, shows an increase in the signal from 0.1 MΩ to 0.123 MΩ as the concentration 
of yeast cell is increasing on the WE. It has been mentioned that these results had large standard 
deviations. This may be explained by the movements of the non-adherent yeast cells when the media is 
added into the chamber. To minimize fluctuations on the WE during media exchange, the wall-jet system 
described in section 3.2 was used for yeast cell analysis.  The wall-jet system could potentially also 
provide a more controlled method for cell seeding. 
 
 
 
 
 
 
 
 
Figure 61:  (A) EIS spectra of 2D carbon electrodes in static conditions and (B) Impedance sampled at 1 Hz for yeast 
and PBS on 2D carbon electrode (n = 3) 
Microfluidic cell culture systems can provide a long term stable environment for cell culture, eliminate 
fluctuations in media and provide continuous supply nutrient and oxygen for a long time 183–185. In this 
thesis the wall-jet system is used to have minimal shear stress on the cells on the WE and to have a 
uniform seeding of yeast cells. The wall-jet system shown in Figure 36 is used for this study. The chamber 
was filled with PBS and the impedance was measured between WE and CE. Yeast cells were seeded on 
the electrode with a flow of 10 µL/min and the impedance was measured as the cells reached the chamber 
(Y (0min)). After this, the flow was stopped and the yeast cells were allowed to settle down on the 
electrode (by sedimentation). The impedance was measured after 30 min (Y (30min)). A 1 M 
concentration glucose was pumped into the system at a flow rate of 10 µL/min and the impedance was 
B A 
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measured after 2 h.  Figure 62.A and C shows the EIS spectra’s of 2D and 3D carbon and Figure 62.B 
and D shows the impedance at 1 Hz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 62: (A) and (C) shows the EIS spectra of 2D and 3D electrode respectively and (B) and (D) shows the 
impedance at 1 Hz for 2D and 3D electrode respectively (n = 3) 
The impedance measurement on 2D electrode showed an increase in impedance from 0.134 MΩ to 0.136 
MΩ for yeast seeding and further increased to 0.138 MΩ after yeast growth for 2 h. The impedance for 
3D microelectrodes shows an increase from 0.09 MΩ to 0.106 MΩ after yeast seeding and further 
increased to 0.108 MΩ after yeast growth. The 3D microelectrode showed a higher change in impedance 
(18 kΩ) when compared to 2D electrodes (2 kΩ).  Both 2D and 3D carbon electrode show an increase in 
impedance as the cell concentration is increased. Table 6 shows the yeast cells on the electrodes at various 
stages of experiments. The impedance measurement for yeast analysis, provide a simple model for testing 
the impedance response for carbon electrodes. The results shows a higher response (higher change in 
impedance) for 3D carbon microelectrodes when compared to 2D electrodes.  
A B 
D C 
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Table 6: Yeast cell on carbon electrodes at various stages of experiments 
 
 
 
 2D 3D 
 
PBS 
  
 
Yeast (0min) 
  
 
 
Glucose (2 h) 
 
      
100 µm 100 µm 
100 µm 100 µm 
100 µm 500 µm 
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7.3 Neural stem cell differentiation   
Dopamine released from human neural stem cells after differentiation into dopaminergic neurons is an 
important neurotransmitter in the central nervous system. Dopamine is a vital tool in modulating central 
nervous system functions, such as voluntary movements 186–188. In Parkinson’s disease the neurons 
releasing the dopamine are dying or dysfunctional which leads to impaired motor functions 189. Hence 
monitoring the dopamine concentration plays an important role in Parkinson’s disease. Electrochemical 
detection of dopamine on a pyrolytic carbon has been recently demonstrated 26. In this thesis, 3D carbon 
microelectrode were used as a scaffold for growth of human neural stem cells (hNSCs) and an 
electrochemical detection of dopamine (preliminary experiments). 3D microelectrodes enable 
electrochemical detection of large fractions of dopamine compared to 2D electrodes 26,38. This work is 
done in collaboration with Afia.Asif, PhD student at DTU, Nanotech supervised by Prof. Jenny Emnéus. 
Human neural stem cells (hNSC) from the immortalized human ventral mesencephalic cell line 
overexpressing Bcl-XL (hVM-Bcl-XL) were cultured as described by E.T.Courtois et.al for ten days190. 
The carbon electrode (both 2D and 3D carbon electrodes) and the batch system were sterilized by 
immersion in 96% ethanol for 10min and 0.5 M NaOH for 30 min. This was followed by applying coating 
of poly L-Lysine (PLL) on the electrodes to promote cell adhesion. A cell density of 30,000 cells/cm2 
was seeded on the electrodes and the culture media was replaced by differentiation media after two days 
to initiate differentiation. The differentiation media was changed every other day for a duration of 10 
days. The electrochemical experiments were carried out on the 11th day. A high-k+ buffer (10 mM 
HEPES, 5 mM glucose, 1.2 mM MgCl2 , 2 mM CaCl2 , 5 mM NaCl, and 450 mM KCl) was prepared to 
trigger the exocytosis in hNSC. The working electrode was set at a potential of 350 mV vs RE. After 
recording a baseline, 15 µL of high-k+ was added to simulate the exocytosis. Figure 63.A and B shows 
the amperometric results of dopamine released from hNSC. The 3D carbon microelectrode detected a 
current response of 3.75 µA as compared to 2.9 nA recorded with 2D electrode. The higher current 
corresponds to the detection of larger amount of dopamine. Figure 63.C and D show the SEM images of 
hNSC cell distribution on 2D and 3D electrodes. Figure 63.E and F show confocal images with nuclei, 
cell body and dopaminergic neurons staining.    
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Figure 63: (A) – (B) Current- time trace recorded during amperometric detection of dopamine on 2D and 3D 
electrode respectively, (C) - (D) SEM images of hNSC distribution on 2D and 3D carbon respectively and (F) - (G) 
confocal image of 2D and 3D electrode with nuclei (red), cell body (green) and dopaminergic neurons(blue) staining. 
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7.4 Bone cells   
A 3D in vitro model resembling the bone tissue for supporting bone diseases research and drug screening 
applications was developed by Claudia Caviglia Postdoc in the same group. Many techniques are 
available for detecting ALP activity based on specific ALP antibody, colorimetric assays, fluorometric 
assay and histochemical stains 191,192. But these techniques are either labour insensitive or time 
consuming and expensive. Electrochemical technique for ALP detection is also present, which offers 
several advantages, making this ALP assay fast, economic and very sensitive 193. The model system is 
used to monitor bone cell differentiation in real-time through the quantification of Alkaline Phosphatase 
(ALP) activity, a biomarker of bone cell differentiation, with 3D and 2D electrodes. First results 
indicates, the 3D electrode can be used to detect more ALP, which is not possible via 2D electrodes 
(Figure 64).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 64: Current detected via SWV during ALP detection on 2D and 3D electrodes over 8 days (n = 3) 
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Conclusion and outlook 
Microelectrode chips with suspended 3D carbon microelectrodes for bioelectrochemistry were designed, 
fabricated and characterized.  The developed electrochemical chip was also integrated in a microfluidic 
system and was used in several bioelectrochemical applications. Referring to chapter 1.4 the main goals 
achieved in this thesis are:    
1. Polymer microfabrication – Three different UV photolithography processes with UV exposure at 
313 nm, 365 nm and 405 nm were established for fabricating 3D suspended polymer templates in epoxy 
based resins. The most promising process for fabricating suspended layers was UV exposure at 405 nm. 
The process with UV exposure at 405 nm was used to fabricate high resolution (~ 5 µm), 3D suspended 
microstructures, and 3D multilayers with a reasonable high throughput.    
2. Pyrolysis process – 3D suspended pyrolytic carbon microstructures were fabricated by pyrolysis at 
high temperatures for 1 h in N2 atmosphere. Different parameters (such as maximum temperature, ramp 
rate and number of process steps) were examined for mechanical stability and electrical conductivity. 
The pyrolysis process with the highest temperature (1100 ºC) and ramp of 10 ºC/min was the most 
optimal parameters for fabricating 3D suspended microelectrodes with excellent electrochemical 
performance.   
3. 3D Microelectrode – The three electrode chip (1 cm × 3cm) with pyrolytic carbon as the WE was 
fabricated successfully. Different 3D microstructures on the WE of the C4B chip were designed and 
tested for shrinkage, mechanical stability and electrochemical performance. The 3D carbon 
microelectrode with the pillar diameter of 6.7 µm, pitch of 50 µm and suspended layer thickness of 11 
µm was the optimal design. The 3D carbon microelectrode showed two fold higher sensitivity when 
compared to 2D carbon electrodes. 
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4. Microfluidic/Microelectrode chip design and setup – Compact, easy self- aligning magnetic 
clamping systems (MagClamp) were developed for both static and dynamic testing. The wall-jet system 
was optimized in COMSOL and fabricated with micro-milling successfully. The wall-jet systems 
provided least shear stress and a reasonable response time when compared to other systems.  
5. Bioelectrochemical characterisation/testing – The developed 3D carbon microelectrode was 
successfully used for four different applications. The glucose sensing and monitoring of hNSC elaborated 
the use of 3D C4B chips for amperometric detection. In both cases 3D C4B chips gave a higher response 
compared to 2D C4B chips (2 folds or higher).  The yeast cells were used to measure the change in 
impedance. The 3D C4B chips showed a reasonable high change in impedance compared to 2D C4B 
chips. The final case study was the amperometric detection of ALP released by bone cells, in which 3D 
C4B gave two folds higher signal when compared to 2D electrodes.  
Table 7: Summary of the C4B chips 
Method Electrode  Test system Conclusion Paper 
CV and EIS 3D [Fe(CN)6]4-/[[Fe(CN)6]3-  2x higher signal [II] 
SWV 3D Dopamine and 4-AP  2.5x higher signal [II] and [IV] 
Amperometric 3D+RGO Glucose  5x higher signal [V] 
EIS 3D Yeast cell • Not yet conclusive - 
Amperometric 3D hNSC  Work in progress - 
SWV 3D Bone cell  2x higher signal [manuscript] 
 
In conclusion the 3D microelectrodes developed in the course of this PhD project have shown very 
promising results for bioelectrochemistry. Table 7 shows the summary of C4B chips used in this project. 
The 3D C4B chips could be used as an intelligent scaffold where the substrate can act as a sensing 
element at the same time. In the future more detailed bioelectrochemical studies can give more insights 
into actual advantages of 3D microelectrodes in bioelectrochemistry.  Also the fabrication cost of 3D 
C4B chips are still relatively high with the present method. This can be reduced by replacing the Au with 
other metals (such as Ag), avoiding the passivation layer, reducing the overall size of the chips and further 
optimization of pyrolysis process.  
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This work presents the fabrication and characterization of 
suspended three-dimensional (3D) pyrolytic carbon 
microelectrodes for electrochemical applications. For this purpose, 
an optimized process with multiple steps of UV photolithography 
with the negative tone photoresist SU-8 followed by pyrolysis at 
900ºC for 1h was developed. With this process,  microelectrode 
chips with a three electrode configuration were fabricated and 
characterized with cyclic voltammetry (CV) using a 10mM 
potassium ferri-ferrocyanide redox probe in a custom made batch 
system with magnetic clamping. The 3D pyrolytic carbon 
microelectrodes displayed twice the higher peak current compared 
to 2D.       
 
Introduction 
 
Carbon materials have several attractive characteristics for microelectrodes in 
electrochemical applications, such as a wide potential window, good electrochemical 
activity, chemical stability, and ease in surface functionalization (1). The most common 
carbon microfabrication techniques (i.e. screen printing) produce two-dimensional (2D) 
electrodes. However, 3D microelectrodes provide larger surface area and thereby could 
enhance the sensitivity in electrochemical detection (2). Hence, several 3D 
microfabrication techniques have been explored amongst which the carbon MEMS (C-
MEMS) approach is the most promising one for the fabrication of conductive 3D 
microstructures. In C-MEMS, a patterned polymer template is treated at high temperature 
(~900°C) in inert atmosphere (N2 or Ar) and transformed into pyrolytic carbon. This 
process enables fabrication of 2D and 3D electrodes with the possibility to tailor designs 
and thereby sensitivities for electrochemical sensing applications. Due to this, pyrolytic 
carbon microelectrodes are becoming increasingly attractive for numerous applications, 
such as in novel sensors and scaffolds for cell monitoring (3–5). Nevertheless, fabrication 
of electrically conductive 3D carbon microelectrodes (3DCMEs) with structural 
dimensions that are comparable to the size of biological cells still remains challenging. 
 
One of the most important factors in 3D C-MEMS technology is the definition of a 
mechanically stable 3D polymer precursor template for pyrolysis. Recently, various 3D 
polymer fabrication technologies evolved. Microfabrication methods such as two-photon, 
e-beam and X-ray lithography proved to be powerful tools in developing 3D 
micro/nanostructures but unfortunately still display a very low throughput and the 
required equipment is rather expensive (6,7). Some of the additive manufacturing 
technologies such as 3D printing or stereolithography provide a higher throughput but 
lack the micron range resolution (8). Therefore, in most C-MEMS processes, polymer 
microstructures were fabricated using standard UV photolithography with the chemically 
enhanced, negative tone epoxy photoresist SU-8 (9–11). This method is readily available 
10.1149/07201.0117ecst ©The Electrochemical Society
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at a reasonable cost. Typically, SU-8 photolithography comprises spin coating, solvent 
evaporation, UV-exposure, polymerization and development (12,13). Each of these steps 
affect the photolithographic resolution and the properties of SU-8 structures such as stress 
or adhesion to the substrate. Therefore, depending on the desired application different 
process parameters have to be optimized to obtain well-resolved and mechanically stable 
3D microstructures (14). 
 
Different fabrication processes have been proposed to obtain suspended SU-8 
microstructures. The most common process involves adding a polymerization-stop-layer 
between the structures to be suspended and the substrate (15). The complexity of this 
fabrication process increases as the structures become multilayered (i.e. more 3D). 
Another method includes doping of the SU-8 photoresist with nanoparticles to control the 
thickness of freestanding 3D structures (11). However, such an addition of Fe2O3 
nanoparticles requires a number of preparation steps which severely limit the flexibility 
of the process. The most promising processes to define suspended layer so far are using a 
partial UV exposure of SU-8 photoresist films either at a lower wavelength (313nm) 
or/and a very low dose (15,16).  
 
     In this work, we developed a multi-step UV photolithography process to fabricate a 
3D SU-8 polymer template which was pyrolyzed to define 3D carbon microelectrodes for 
electrochemistry. The fabrication of suspended microstructures in a single layer of SU-8 
was optimized. The process was used to define 3D carbon microstructures acting as the 
working electrodes (WE) in microelectrode chips with a three electrode configuration.  
The electrochemical performance of 2D and 3D carbon microelectrodes was compared 
with cyclic voltammetry (CV) in a batch system with 10mM potassium ferri-ferrocyanide 
standard redox probe.  
 
 
Methods 
 
Microelectrode chips 
 
     The microelectrode chips were fabricated with multiple steps of UV photolithography 
followed by pyrolysis as shown schematically in Figure 1.a - e. First, the process of 
fabricating suspended layers from a single layer of SU-8 was optimized by adjusting the 
partial exposure dose (D3) (16). The optimized process was used to fabricate 3DCMEs on 
the working electrode of the microelectrode chips. Figure 1.f and g shows the top view of 
the microelectrode chip without and with passivation layer (SU-8). The process is 
explained along the cross-section AA` (Figure 1. f).  
  
     Approximately 5 ml of negative photoresist (SU-8 2005 from MicroChem, USA) were 
manually dispensed on a 4-inch Si/SiO2 substrate and spin coated (RCD8 T, Süss Micro-
Tec, Germany) to deposit a 6µm thick layer. A solvent evaporation for 2h at room 
temperature was followed by a UV exposure step with an exposure dose, D1= 147 mJcm-2 
in an EVG620 aligner (EVGroup, Austria) to define the working and counter electrodes 
(Figure 1.a) (13). The aligner was equipped with a mercury lamp and a long pass filter 
(SU-8 filter), adjusted to a constant intensity of 7 mWcm-2 at 365 nm. This is followed by 
a post-exposure bake (PEB) at 50 ºC for 1 h on a programmable hotplate (Harry 
Gestigkeit GmbH, Germany). A second layer of SU-8 2075 was manually dispensed and 
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spin coated to a thickness of 66µm. The edge bead was removed by dispensing propylene 
glycol methyl ether acetate (PGMEA) at the edge of the rotating wafer (300 rpm). A soft 
bake (SB) at 50 ºC for 6h is followed by a two-step UV photolithography to achieve 3D 
microstructures. The first exposure (D2 =147 mJcm-2) defines the supporting pillars 
(Figure 1.b) and the partial exposure (D3) defines the suspended layer (Figure 1.c). D3 
was optimized to limit the crosslinking to the top of the SU-8 layer. This was followed by 
a PEB at 50 ºC for 8 h. Development was performed in PGMEA in two steps of 10 min 
followed by isopropanol rinse for 30 s and drying in air (Figure 1.d). Next, an additional 
flood exposure with a total dose D = 500 mJcm-2 and a hard-bake at 90 ºC for 15 h were 
performed to increase the structural stability of SU-8 achieved by improved crosslinking. 
The polymer template is pyrolyzed in an ATV PEO604 furnace (ATV Tech., Germany) 
in inert atmosphere (N2) in two steps,  200 ºC for 30 min and 900 ºC for 1h with a ramp 
of 2 ºmin-1 to produce suspended carbon microstructures. 
 
 
    
Figure 1. Schematic of the microfabrication process (a) SU-8 (2005) is spin coated, baked 
UV exposed and post exposure baked (b) Second layer of SU-8 (2075) is spin coated, 
baked and UV exposed (c) short UV exposure and post exposure bake (d) Development 
in PGMEA (e) Pyrolysis at 900ºC for 1h and e-beam Au deposition through a shadow 
mask (f) and (g) shows the top view of the microelectrode chip without and with 
passivation (SU-8) layer 
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      A gold pseudo-reference electrode and gold contact pads were deposited by e-beam 
evaporation through a shadow mask (Figure 1.e). For passivating the contact leads, a 
2µm thick film of SU-8 2002 was spin coated and patterned as described above for the 
SU-8 2005 including the final flood exposure and hard bake.  
 
Batch system with magnetic clamping 
 
     A self-aligning, magnetic clamping system was developed for electrochemical  
characterization of the microelectrode chips. Figure 2 shows the schematic of different 
layers in the batch system.  Rare earth magnets were used to facilitate clamping and 
exchange of the microelectrode chips. A CO2 laser (Epilog Laser, USA) was used for 
drilling and dicing of the PMMA parts followed by bonding them using pressure 
sensitive adhesive (PSA) in a bonding press (P/O Webber, Germany) at 35ºC with a 
pressure of 150 bar for 10 min. The top plate defines a circular well with diameter 8 mm 
above the electrode area suitable for experiments in batch conditions. Furthermore, a 
trench was engraved in the top plate accomodating an O-ring to avoid any leakage in the 
cavity. The bottom plate provided the slot for placing the microelectrode chips.    
 
 
 
Figure 2. Different components in the magnetically clamped batch system  
 
Electrochemical Characterisation  
 
     For electrochemical analysis, cyclic voltammetry (CV) was performed using a 
standard 10 mM potassium ferri-ferrocyanide redox probe in the batch systems. The 
microelectrode chips (2D and 3D) were pretreated in O2 plasma (Electronic Diener, 
Germany) at 50W for 60 seconds. Then the chips were placed in the bottom plate of the 
batch system and sealing was achieved with the O-ring of the top plate.  350 µL of redox 
O-ring 
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probe were pipetted on the electrode for each measurements. For CV, a voltage of -0.6 V 
to +0.6 V in steps of 100 mV was applied with a Potentiostat (Autolab PGSTAT302N, 
Netherland).   
 
 
Results and Discussion  
 
Microfabrication of electrodes 
 
     The optimization of the partial exposure dose (D3) is critical for the fabrication of 3D 
suspended SU-8 microstructures. Therefore, an initial series of experiments on various 
test structures was performed using a single layer of SU-8 and two UV exposures (D2 and 
D3). Very low exposure doses D3 were selected, in the attempt to achieve a gradient in the 
concentration of activated photoinitiator molecules in the SU-8 film. The exposure dose 
D3 was varied from 21 - 42 mJcm-2. The results of the optimization of the partial 
exposure are shown in Figure 3. The exposure dose, D3 = 21 mJcm-2 is insufficient for 
the crosslinking of the top layer of SU-8 film. Hence, after the development in PGMEA 
only SU-8 pillars from the long UV exposure process remain (Figure 3.a). A higher 
exposure dose of D3 = 28 mJcm-2 limits the crosslinking to the top surface of the SU-8 
film, which results in suspended 3D structures (Figure 3.b). The thickness of the 
suspended layer is 18 µm. Higher dose (D3 = 35 mJcm-2 and 42 mJcm-2) causes complete 
crosslinking of the SU-8 film (Figure 3.c, d). These results are in agreement with those 
obtained by Lim et al. and demonstrate that the process window in terms of exposure 
dose is very narrow requiring precise control of the exposure conditions (16). 
 
 
 
Figure 3. Optimization of partial UV exposure (D2) with different exposure dose D2: (a) 
21 mJcm-2; (b) 28 mJcm-2; (c) 35 mJcm-2; (d) 42 mJcm-2 (Scale bar – 25µm) 
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     The two steps of UV exposure followed by pyrolysis result in 3D carbon 
microstructures with various feature sizes (Figure 4). Figure 4 illustrates the carbon 
microstructures obtained through pyrolysis of the SU-8 template and shows the large 
shrinkage during pyrolysis. The final height of the structures was 37 µm and the 
thickness of the suspended carbon film was approximately 2.4 µm. The smallest feature 
size fabricated in the suspended layer was approximately 5.6 µm as shown in Figure 4.d. 
The results show that once the structures are defined in SU-8, the overall design of the 
3D microstructures are maintained during pyrolysis even though a considerable shrinkage 
is observed. The optimized process was transferred to the fabrication of the complete 
microelectrode chip as described in figure 1. Figure 5.a and b shows 2D and 3D working 
electrodes obtained respectively. And Figure 5 c shows SEM image of working electrode 
in a 3D microelectrode chip (Figure 5. b).  
 
 
 
 
 
 
 
 
 
           
            
 
Figure 4. SEM images of (a) and (b) SU-8 polymer template; (c) and (d) are the 
corresponding carbon microstuctures respectively (Scale bar – 25µm)  
 
 
 
Figure 5. Microelectrode chips (a) 2D working electrode (b) 3D working electrode (c) 
SEM image of 3D working electrode 
C 
A B 
D 
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Electrochemical characterization 
 
     Figure 5.a and b show the two different microelectrode designs characterized with CV 
in the magnetically clamped batch systems. The experimental step-up is shown in Figure 
6.a. Figure 6.b shows the mean values and the standard deviation obtained with three 
microelectrode chips of each design. The peak current (Ip) of 2D and 3D chips are 29µA 
and 57µA respectively and the peak separation (∆Ep) is 0.3 V and 0.24V for 2D and 3D 
chips respectively.  
 
 
 
Figure 6. (a) Experimental set-up, (b) CV of 2D and 3D microelectrode chips 
 
     The surface area of the working electrode on the 3D microelectrode chips is 
approximately 3.5 times larger than for the 2D WE. This explains the higher current 
when compared to 2D electrodes.  
 
 
Conclusion  
 
SU-8 templates with suspended features in the micrometer range were successfully 
fabricated and pyrolyzed to obtain microelectrode chips with 3D carbon microelectrodes 
as working electrode. A two-step (D2 and D3) UV exposure was optimized to fabricate 
the suspended layer. Small variations of the partial exposure dose D3 result in 
complete/no crosslinking of the SU-8 layer, demonstrating the narrow window for D3. 
The higher signal in CV for 3D microelectrode chips demonstrates an increase of the 
surface area compared to the 2D configuration which should result in a higher sensitivity 
for electrochemical sensing. With unique properties of carbon, the proposed fabrication 
process can be used to customize ad-hoc carbon microelectrodes for specific applications 
such as biosensors. 
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Carbon microelectrodes have a wide range of applications because of their unique material properties
and biocompatibility. This work presents the fabrication and characterization of suspended pyrolytic
carbon microstructures serving as three-dimensional (3D) carbon microelectrodes for electrochemical
applications. A 3D polymer template in epoxy based photoresist (SU-8) was fabricated with multiple
steps of UV photolithography and pyrolysed at 900 C to obtain 3D carbon microelectrodes. The pyrolytic
carbon microstructures were characterized by SEM, Raman spectroscopy and XPS to determine the
mechanical stability, shrinkage and material properties. The smallest feature size fabricated in the sus-
pended carbon layer was 2 mm. A three electrode microelectrode chip with 3D pyrolytic carbon micro-
structures as the working electrode was designed and fabricated. The electrodes were characterized with
cyclic voltammetry (CV) and impedance spectroscopy (EIS) using potassium ferri-ferrocyanide redox
probe in a custom made batch system with magnetic clamping. Different 3D pyrolytic carbon micro-
electrodes were compared and the optimal design displayed twice the peak current and half the charge
transfer resistance as compared to 2D carbon electrodes. The higher sensitivity of 3D carbon micro-
electrodes for electrochemical sensing was illustrated by dopamine detection.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Advancements in the fabrication of 3D microelectrodes are of
interest for numerous applications such as electrochemical sensors,
energy storage devices and smart scaffolds for tissue engineering
sensors [1e4]. The main advantage of 3D microelectrodes is that
the larger electrode surface area potentially provides higher
sensitivity for electrochemical sensing than the currently used 2D
electrodes [5]. Furthermore, the 3D nature of the electrodes better
mimics the natural environment of cells, which is relevant for ap-
plications in bioelectrochemistry or tissue engineering [6,7].
Additionally to large surface area, optimal 3D microelectrodes
should provide low resistivity, good structural and chemical sta-
bility, excellent reproducibility and low fabrication costs. Several
processes have been proposed to fabricate 3D microelectrodes.
With electroplating [8e10], injection molding [11], microsolidics
[12] and screen printing [13] it can be difﬁcult to control the feature
size and/or a long and expensive process is required that may result
in low-quality surfaces. Furthermore, the fabrication of structures
with a high-aspect ratio is difﬁcult to achieve [1]. Additiventh).manufacturing technologies such as 3D printing lack the resolution
down to a few microns, which so far limits the fabrication to
macroelectrodes [14]. Electrodeless electroplating is based on the
use of a femtosecond laser and the writing is done in a serial way,
leading to long processing times. Furthermore, this process results
in a high surface roughness [15,16]. Growth of carbon nanotubes
requires highly controlled environments and fabrication of
patterned high aspect ratio structures is challenging [17]. The
combination of electroplatingwith sputtering and laser scribing is a
complex process and also suffers from the above mentioned issues
[18]. Regarding metal ion implantation, the process is based on the
use of a shadow mask which limits the achievable resolution and
density of the structures. Furthermore, one metal ion implantation
step is only effective for a certain orientation and thus several steps
are needed to obtain fully-coated 3D structures [19].
One of the most simple and cost-effective techniques for 3D
microelectrode fabrication is carbon MEMS (C-MEMS). There, a
patterned polymer template is treated at high (~1000 C) temper-
atures in inert atmosphere (N2 or Ar) and transformed into a py-
rolytic carbon electrode [20]. This process enables fabrication of 2D
and 3D electrodes with the possibility for ad-hoc tailoring of de-
signs to achieve unique sensitivities for speciﬁc applications.
Additionally, carbonmaterials used asmicroelectrodes offer several
attractive properties, such as wide electrochemical potential
S. Hemanth et al. / Carbon 121 (2017) 226e234 227window, biocompatibility, chemical stability, and ease of func-
tionalization [21]. These properties identify carbon as an ideal
material for electrodes to be used as biosensors or in energy storage
devices [5,7,22,23].
In most C-MEMS processes, polymer templates have been
fabricated using the chemically enhanced, negative tone epoxy
photoresist (SU-8). SU-8 is composed of bisphenol-A novolac resin
(EPON® SU-8 resin, Shell Chemical Company, The Hague, The
Netherlands) in an organic solvent, such as cyclopentanone or
gamma-butyrolactone (GBL) and a photoinitiator usually being
triarylsulfonium hexaﬂuoroantimonate [24]. Fabrication tech-
niques such as X-ray, e-beam and two-photon lithography have
been employed for fabrication of 3D polymer templates for pyrol-
ysis [25e27]. The limiting factor for these techniques is the low
throughput as compared to standard UV photolithography.
Different fabrication processes have been proposed to fabricate 3D
SU-8 microstructures with UV photolithography e.g. using a poly-
merization stop layer SU-8 foil or highly optimized UV exposures at
different wavelengths [28e30]. The complexity of the fabrication
process increases as the structures become multilayered (i.e. more
3D). Furthermore, suspended SU-8 macrostructures have been
fabricated with grayscale photolithography, but without achieving
micron or submicron resolution [31].
Recently, we proposed a multi-step UV photolithography pro-
cess followed by pyrolysis at 900 C to obtain 3D carbon micro-
electrodes [32]. In this work, the optimized process was used to
fabricate a three electrode microelectrode chip, with 3D carbon as
the working electrode. The material properties of the pyrolytic
carbon were analyzed with Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS). Mechanical stability and shrinkage of
different designs of 3D carbon microelectrodes were characterized
with optical microscopy and SEM. For electrochemical character-
ization cyclic voltammetry (CV) was conducted using potassium
ferri-ferrocyanide as standard redox probe. The electron transfer on
the optimal 3D microelectrode design was analyzed in detail using
CV and electrochemical impedance spectroscopy (EIS). The results
were compared to 2Dmicroelectrodes (2D) and 2Dmicroelectrodes
withmicropillars (2Dp). Finally, enhanced dopamine detectionwithFig. 1. Schematic of carbon microelectrode fabrication (A) Starting Si substrate (B) Therma
exposure bake (E) Second layer SU-8 2075 is spin coated and baked (F) 2nd UV exposure (G)
at 900 C for 1 h (J) e-beam Au deposition through a shadow mask; (K) Top view of the micro
ﬁgure can be viewed online.)square wave voltammetry (SWV) was demonstrated.
2. Experimental section
2.1. Microelectrode chips
Three electrodemicroelectrode chips with overall dimensions of
1 cm  3 cmwere fabricated as shown in Fig. 1. The microelectrode
chips consists of pyrolytic carbon working (WE) and counter elec-
trodes (CE). The circular working electrode has a diameter of 4 mm.
An Au pseudo reference electrode (RE) and contact pads are
deposited by e-beam evaporation. The Au contact leads are
passivated with SU-8 (Fig. 1K).
2.2. Microfabrication of 3D carbon microelectrodes
The fabrication steps of the 3D carbon microelectrode chips are
schematically described in Fig.1 (AeJ). Fig.1K shows the top viewof
a microelectrode chip with and without passivation layer (SU-8).
The process is explained along cross-section AA0 (Fig. 1K). First, a
0.6 mm thick SiO2 layer was deposited by thermally oxidation on a
4-inch Si wafer (Fig. 1B). The Si/SiO2 substrate was dehydrated in an
oven at 250 C for 2 h before spin coating the resist.
Approximately 5 ml of negative photoresist (SU-8 2035 from
MicroChem, USA) were manually dispensed on the 4-inch Si/SiO2
substrate and spin coated (RCD8 T, Süss Micro-Tec, Germany) to
deposit a 17 mm thick layer (Fig. 1C). A soft-bake at 50 C for 15 min
on a programmable hotplate (Harry Gestigkeit GmbH, Germany)
was followed by a UV exposure step with an exposure dose,
D1¼ 210mJcm2 in an EVG620 aligner (EVGroup, Austria) to deﬁne
WE and CE (Fig.1D). The aligner was equippedwith amercury lamp
and a long pass ﬁlter (SU-8 ﬁlter), which was adjusted to a constant
intensity of 7 mWcm2 at 365 nm. This was followed by a post-
exposure bake (PEB) at 50 C for 1 h. A second layer of SU-8 2075
was spin coated using a two-step process. A spread cycle of 30 s at
700 rpm with 100 rpms1 acceleration was applied, followed by a
thinning cycle at 2100 rpm for 60 s with 500 rpms1 acceleration
which yielded a 98 mm thick ﬁlm. The edge bead was removed byl oxidation (C) SU-8 2035 is spin coated and soft baked (D) 1st UV exposure and post
short 3rd UV exposure and post exposure bake (H) Development in PGMEA (I) Pyrolysis
electrode chip without and with passivation (SU-8 2005) layer. (A colour version of this
S. Hemanth et al. / Carbon 121 (2017) 226e234228dispensing propylene glycol methyl ether acetate (PGMEA) at the
edge of the rotating wafer (300 rpm) for 30 s resulting in a uniform
SU-8 layer (Fig. 1E). A soft bake (SB) at 50 C for 6 h was followed by
a two-step UV photolithography to achieve 3D suspended micro-
structures. The ﬁrst exposure (D2 ¼ 147 mJcm2) deﬁned the sup-
porting pillars (Fig. 1F) and the partial exposure (D3 ¼ 28 mJcm2)
deﬁned the suspended layer (Fig. 1G) [32]. This was followed by a
PEB at 50 C for 8 h. Development was performed in PGMEA in two
steps of 10 min each, followed by isopropanol rinse for 30 s and
drying in air (Fig. 1H). Next, an additional ﬂood exposure with a
total dose D ¼ 500 mJcm2 and a hard-bake at 90 C for 15 h were
performed. This procedure has earlier been used to minimize re-
sidual stress and enhance temporal stability of SU-8 due to
improved crosslinking [33]. For analyzing the mechanical stability
and shrinkage ﬁve different designs of 3D microelectrode were
fabricated. The varied parameters were pillar diameter (d), pitch
between the pillars (ф), and diameter (w) and center-to-center
distance (c) of the holes in the suspended layer.
The polymer (SU-8) templates were pyrolysed in an ATV
PEO604 furnace (ATV Tech., Germany) in inert atmosphere (N2) in
two steps, 200 C for 30 min and 900 C for 1 h with a ramp of
2 C min-1 to produce 3D microelectrodes with suspended carbon
(Fig. 1I) [34].
An Au pseudo-reference electrode and Au contact pads were
deposited by e-beam evaporation through a shadowmask prepared
using laser machining (Fig. 1J). For passivating the contact leads, a
6 mm thick ﬁlm of SU-8 2005 was spin coated and patterned as
described above for the SU-8 2035 including the ﬁnal ﬂood expo-
sure and hard bake.
For comparison of the electrochemical behavior, 2D microelec-
trode chips (Fig. 1 without steps 1.E1.G) and 2D microelectrode
chips with micropillars (Fig. 1 without step 1.G) were fabricated
with identical process parameters.
2.3. Raman spectroscopy
In order to evaluate the graphitization (i.e. disorder and crys-
tallite) of the pyrolytic carbon 2D carbon ﬁlms with a thickness of
2 mm were fabricated with identical process parameters as
described above. The samples were analyzed by visible Raman
spectroscopy performed using a Raman microscope (Model DXR,
Thermo Fisher Scientiﬁc Inc., Denmark) with an excitation wave-
length of 532 nm. All the spectra were recorded with a 10 long
working distance objective and 10 mW laser power. The Raman
spectra were analyzed using OMNIC software from Thermo
Scientiﬁc.
2.4. X-ray photoelectron spectroscopy (XPS)
The surface composition of pyrolytic carbon ﬁlms was charac-
terized using XPS. The analysis was carried out in a Thermo K-Alpha
XPS instrument with a monochromatic AleKa-source. The bindingTable 1
Nominal and actual dimensions for different 3D carbon microelectrode designs.
Design Pillar diameter (d) Pillar pitch (Ф) Ho
Nominal Carbon No
Design 1 10 mm 6.7 mm 50 mm 25
Design 2 20 mm 12 mm 50 mm 25
Design 3 20 mm 12 mm 75 mm 10
Design 4 50 mm 30 mm 100 mm 50
Design 5 50 mm 30 mm 100 mm 10energy survey from 0 to 1350 eV was performed followed by
spectral analysis in the C1s and O1s binding energy ranges. The
atomic percentages of surface elements were extracted using the
software package Avantage, provided by Thermo Fisher Scientiﬁc.
2.5. Electrochemical characterization
Prior to testing, the microelectrode chips (2D, 2Dp and 3D) were
pretreated in O2 plasma (Electronic Diener, Germany) at 50 W for
65 s. CV and EIS were performed using 300 mL potassium ferri-
ferrocyanide [Fe(CN)6]4/[Fe(CN)6]3 redox probe in phosphate
buffered saline (PBS). During the measurements the chips were
allocated in self-aligning and magnetic clamping batch systems
made of poly methyl methacrylate (PMMA) and pressure sensitive
adhesive (PSA) as described in earlier work [32]. For every conﬁg-
uration analyzed, four chips from different fabrication batches were
used. The different designs of 3D carbon microelectrodes were
characterized using CV with 10 mM [Fe(CN)6]4/[Fe(CN) 6]3 so-
lution. Cyclic voltammograms were acquired using a three-
electrode conﬁguration and a scan rate of 100 mVs1 in a poten-
tial range from 600 mV to 600 mV. The optimal 3D carbon
microelectrode design was analyzed in detail with CV using
different concentrations and scan rates and with EIS. EIS spectra
were performed using a two-electrode conﬁguration (WE and CE)
in the frequency range of 0.1e106 Hz, applying a sinusoidal po-
tential of 10 mV and acquiring 10 points/decade. The frequency
response was ﬁtted with an equivalent circuit. The electrochemical
behavior was compared to 2D and 2Dp carbon microelectrodes.
Square wave voltammetry (SWV) was performed on carbon elec-
trodes for detection of different concentrations of dopamine hy-
drochloride (Sigma-Aldrich, USA). Measurements were acquired
using a potentiostat (Autolab PGSTAT128N, Metronohm Autolab)
and the software package NOVA was used to analyze the acquired
data.
3. Results and discussion
3.1. 3D carbon microelectrode fabrication
Different designs of 3D carbon microelectrodes were fabricated
on the working electrode of a microelectrode chip. The 3D carbon
microelectrodes consisted of three layers-a suspended grid layer,
micropillars supporting the suspended structures and a planar
base. Five different designs (design 1e5) of 3D carbon microelec-
trode with varying micropillars and suspended layers were fabri-
cated to analyze their mechanical stability and the inﬂuence of the
3D geometry on the electrochemical performance. The nominal
mask dimensions for the different designs and the ﬁnal values
measured after pyrolysis are summarized in Table 1. Fig. 2A-C
shows three different polymer templates before pyrolysis of design
1, 3 and 5 respectively. An overview of the working electrode in the
microelectrode chip is shown in Fig. 2D. Fig. 2E-I demonstrate thatle diameter (w) Hole pitch (c) Unit cell
minal Carbon
mm 29 mm 50 mm
mm 29 mm 50 mm
mm 14 mm 20 mm
mm 63 mm 100 mm
mm 14 mm 20 mm
Fig. 2. (A)e(C) SU-8 polymer templates of designs 1,3 and 5 respectively; (D) Overview of working electrode of microelectrode chip with 3D carbon (design 1); (E)e(I) Different 3D
carbon microelectrodes with designs 1e5.
S. Hemanth et al. / Carbon 121 (2017) 226e234 229for all the ﬁve different 3D carbon microelectrode designs sus-
pended microstructures were successfully fabricated. For the de-
signs with Ф ¼ c (design 1, 2 and 4) fabrication was very
reproducible and resulted in regular suspended grids without de-
fects. The minimal feature size of the suspended layer for these
designs was around 7 mmafter pyrolysis. For designs 3 and 5 withФ
> c corresponding to multiple holes between micropillars the
smallest feature size of the suspended layer was 2 mm. However, for
those two designs fabrication was not reproducible and defects in
the suspended layer were frequently observed. An observation for
all designs are edge effects. The pillars at the edge of the electrode
area are subjected to more stress which results in leaning towards
the center.3.2. 3D carbon shrinkage analysis
One of the major challenges in 3D microelectrode fabricationFig. 3. (A) SU-8 polymer microstructure template, (B) Corresponding carbon microstructure
be viewed online.)with the proposed process was the shrinkage during the pyrolysis.
High shrinkage results in higher residual stress, which in turn can
results in deformation, delamination and collapse of 3D micro-
structures. The values of nominal and actual pillar diameters and
hole sizes reported in Table 1 demonstrate that considerable
shrinkage was observed for all 3D microelectrode designs.
Fig. 3 A and B shows an example of a SU-8 template and the
corresponding carbon structures, respectively. We investigated the
vertical and lateral shrinkage of the pillars and vertical shrinkage of
the suspended structures by SEM imaging before and after pyrol-
ysis. The % shrinkage S was expressed as [35]:
S ¼ 1 Carbon
SU  8 (1)
where “SU-8” is a dimensional parameter of the SU-8 microstruc-
ture before pyrolysis such as the height, pillar diameter or sus-
pended layer thickness and “carbon” is the dimension of thes and (C) Percentage shrinkage analysis for design 1. (A colour version of this ﬁgure can
S. Hemanth et al. / Carbon 121 (2017) 226e234230corresponding carbon microstructure after pyrolysis. The total
height (h), pillar diameter (d) and suspended layer thickness
decreased by 48.3%, 41.0% and 48.4% respectively. The percentage of
shrinkage is comparable to reported values for pyrolysis of SU-8
[36,37]. The large shrinkage occurs due to multiple concurrent re-
actions happening during pyrolysis which include dehydrogena-
tion, cyclization, condensation, hydrogen transfer and
isomerization [38,39]. Fig. 2 demonstrates that despite the large
shrinkage all 3D microelectrode designs were structurally intact
after fabrication. However, the defects observed for design 3 and 5
were probably a result of the residual stress due to shrinkage.3.3. Raman spectroscopy and XPS
Raman spectroscopy provides information about the degree of
disorder of pyrolytic carbon. In pyrolytic carbon, the E2g vibrational
mode at 1580 cm1 (also present in graphite) and the A1g vibra-
tional mode at 1360 cm1 are Raman active [40]. The E2g mode
results in a peak in the Raman spectrum, called “G” peak, where G
stands for “graphite”. The G peak is caused by bond stretching of all
sp2 hybridized C atoms in rings as well as in chains. When the
symmetry in the graphite lattice is broken due to presence of
disordered regions, the A1g mode becomes active. This results in a
new peak near 1360 cm1, called the “D” peak where D stands for
disordered [41]. Fig. 4A shows the Raman spectra of pyrolytic car-
bon derived from SU-8 photoresist where both D and G peaks are
identiﬁed, whichmeans that both amorphous and graphitic regionsFig. 4. (A) Raman and (b) XPS spe
Fig. 5. (A) CV of 2D and different 3D carbon microelectrode designs (1, 2 and 4) (B) anodic
colour version of this ﬁgure can be viewed online.)are present as reported previously for pyrolytic carbon [42]. Here,
the observed upshift of the G peak to 1596 cm1 is probably due to
the presence of disordered graphite [43].
XPS survey spectrawere used to evaluate the atomic percentage
composition of pyrolytic carbon derived from SU-8 polymer pre-
cursors. The analysis showed carbon (C1s) and oxygen (O1s) peaks
between 280e290 eV and 525e540 eV respectively (Fig. 4B) which
is in accordance with previously reported results for pyrolytic
carbon [42]. The carbon microelectrode consists of 94.3% of carbon
and 5.7% oxygen.3.4. Cyclic voltammetry (CV)
CV was performed on all ﬁve designs of 3D carbon microelec-
trodes (Table 1 and Fig. 5). For each design, four chips of from
different fabrication batches were characterized using 10 mM po-
tassium ferri-ferrocyanide as redox probe. Fig. 5A shows repre-
sentative CVs for 3D carbon microelectrodes recorded with design
1, 2 and 4 which displayed reproducible electrochemical behavior.
Fig. 5 B summarizes the mean anodic peak current Ia of different
designs (N ¼ 4 chips) along with their respective estimated surface
area (calculation see supplementary information S1). All 3D
microelectrode designs displayed higher peak currents than the 2D
microelectrode. The recorded peak current increased for 3D mi-
croelectrodes with an increase in estimated surface area. In a
reversible redox system, the peak current is directly proportional to
the electron transfer on the surface [44]. This is well reﬂected in thectra of carbon microelectrode.
peak current with standard deviations for 2D and 3D microelectrodes (N-4 chips). (A
S. Hemanth et al. / Carbon 121 (2017) 226e234 231experiments, where for example the 3D microelectrode design 1
with surface area 21.2 mm2 gives a peak current Ia¼ 0.61mAwhich
is a twofold higher signal compared to the 2D electrode with
Ia ¼ 0.32 mA for a surface area of 12.6 mm2. The current density
obtained by normalization with the estimated surface area was
0.25 mA cm2 for 2D, 0.28 mA cm2 for design 1, 0.24 mA cm2 for
design 2 and 0.28 mA cm2 for design 4. The comparable values 2D
and 3D electrodes indicate that all parts of the 3D carbon micro-
electrodes are electrically connected and able to contribute to the
electron transfer at the WE.
For design 3 and 5 lack of reproducibility was observed for the
electrochemical measurements, which was reﬂected in the higher
standard deviation of the measured peak current in Fig. 5B. This is
attributed to the defects and irregularities of the suspended carbon
layer observed by SEM as discussed earlier. Furthermore, calcula-
tion of the surface area for these two designs was very difﬁcult due
to the small features in the suspended carbon layers.
Design 1 was selected for further detailed electrochemicalFig. 6. (AeB) Carbon microelectrodes: A- 2D, B- 2Dp and C- 3D (design 1), (DeE) SEM imag
colour version of this ﬁgure can be viewed online.)
Fig. 7. (A) 3D microelectrode CV with different scan rates (B) Average with standard deviat
version of this ﬁgure can be viewed online.)analysis, since it had the smallest pillar dimensions with high redox
peak currents and was also highly reproducible. In all the following
experiments, this optimal 3D carbonmicroelectrode was compared
with planar carbon microelectrodes (2D) and 2D microelectrodes
with micropillars on top (2Dp). These three different microelec-
trodes (2D, 2Dp and 3D) are shown in Fig. 6A-E. CV was carried out
with 10 mM potassium ferri-ferrocyanide redox probes. Fig. 6F
shows that the 3D microelectrodes provided a higher peak current
and a lower potential difference (DEp). The peak current is directly
proportional to the electron transfer on the electrode surface,
which is higher for 3D microelectrodes (Ia ¼ 0.58 ± 0.008 mA) as
compared to 2D (Ia ¼ 0.29 ± 0.01 mA) or 2Dp (0.42 ± 0.004 mA)
microelectrode. DEp is mainly inﬂuenced by diffusion rates of the
analyte, which is 59 mV for an ideal case but generally is higher for
practical applications. Hence 3D carbon microelectrodes with a
smaller DEp ¼ 210 mV has a higher diffusion as compared to 2D
electrode DEp ¼ 295 mV.
The reversibility of the electron transfer for the 2D, 2Dp and 3De of working electrode of 2Dp and 3D, (F) CV with 10 mM Fe(CN)63/4 (N ¼ 4 chips). (A
ion of peak currents as a linear relation of square root of scan rates (N ¼ 4). (A colour
S. Hemanth et al. / Carbon 121 (2017) 226e234232carbon microelectrodes was analyzed by CV at different scan rates
with a constant concentration of 10 mM potassium ferri-
ferrocyanide redox probes. Fig. 7A shows representative cyclic
voltammograms recorded for 3D carbon microelectrodes at
different scan rates. Fig. 7B demonstrates that the peak currents are
directly proportional to the square root of the scan rate, which is
the case for reversible systems as described by the Randles-Sevcik
equation [44]. CV's at different scan rates for 2D and 2Dp electrodes
are given in supplementary information S2. 3D carbon microelec-
trodes showed a higher electron transfer as compared to 2D and
2Dp (Fig. 7B). The DEp was found to be constant at different scan
rates, as it is the case for a stable diffusion controlled reversible
reaction system.
The 2D, 2Dp and 3D carbon microelectrodes were also charac-
terized for different concentrations (1.25 mM, 2.5 mM, 5 mM,
10 mM, 15 mM and 20 mM) of potassium ferri-ferrocyanide redox
probes at a constant scan rate of 100 mVs1. Fig. 8A shows repre-
sentative cyclic voltammograms of 3D carbonmicroelectrodes with
different concentration of Fe(CN)63/4. Fig. 8B demonstrates that
the peak current increases linearly with an increase in concentra-
tion as described by the Randles-Sevcik equation [44]. CV's with
different concentrations of the redox probe for 2D and 2Dp elec-
trodes are given in supplementary information S3. Also in this case,
the DEp was found to be constant for a given conﬁguration. The
electrochemical characterization showed that the electrodeFig. 8. (A) CV of 3D carbon microelectrode with different concentration of Fe(CN)63/4 con
trations of Fe(CN)63/4 (N ¼ 4). (A colour version of this ﬁgure can be viewed online.)
Fig. 9. (A) Impedance spectra of pyrolytic carbon microelectrodes with their standard de
equivalent circuit ﬁtting. (A colour version of this ﬁgure can be viewed online.)reaction was diffusion controlled. The electron transfer (peak cur-
rent) was found to be higher (2 folds) for 3D microelectrodes when
compared to 2D for all concentrations.
The sensitivity of the 3D carbon microelectrodes was
56.2 mA mM1 (slope of the ﬁtting in Fig. 8B) and
4.5 mA mM1 mm2 (considering WE footprint area ¼ 12.56 mm2),
which is higher than the reported values for unmodiﬁed carbon
microelectrodes [43,45e47]. The higher sensitivity is due the in-
crease in the surface area of the working electrode. The sensitivity
of 2D and 2Dp chips are 25.5 mA mM1 and 41.3 mA mM1
respectively.
3.5. Electrochemical impedance spectroscopy (EIS)
EIS allows for further characterization of the carbon micro-
electrodes and it is a useful tool to understand the properties of an
entire electrochemical set-up including electrode material prop-
erties and external interfacing instrumentations [48]. Based on the
results obtained with EIS an equivalent circuit for the electrode can
be determined, which clearly illustrates the device properties.
Fig. 9A shows the Nyquist plot for 2D, 2Dp and 3D carbon micro-
electrode with the standard deviation (N ¼ 4 chips). An equivalent
circuit, derived from a modiﬁed Randels model [36], was used to ﬁt
the impedance spectra obtained with different electrode conﬁgu-
rations. Fig. 9B shows the equivalent circuit used (inset) and thecentrations (B) Average of peak currents with standard deviation at different concen-
viation (N ¼ 4) (B) Impedance spectra for 3D carbon microelectrode (design 1) with
Table 2
Equivalent mean circuits values with standard deviation (N e 4) of different carbon microelectrode conﬁgurations.
RB(U) CB(nF) RS(U) Rct (U) Q (mMho) W (mMho) a
2D 34.2 ± 3.12 43.10 ± 0.11 133 ± 1.77 554.12 ± 12.98 15.41 ± 1.87 3.63 ± 0.05 0.82 ± 0.02
2Dp 30.32 ± 1.96 54.40 ± 0.08 116 ± 1.06 281.3 ± 9.21 6.03 ± 0.26 4.10 ± 0.04 0.79 ± 0.01
3D 23.60 ± 2.13 66.90 ± 0.20 103 ± 1.50 161.54 ± 5.23 4.66 ± 0.24 4.55 ± 0.08 0.75 ± 0.01
Fig. 10. (A) Square wave voltammetry for different concentration of dopamine with 3D microelectrodes (B) Different concentration of dopamine detection with 3D, 2Dp and 2D
electrode. (A colour version of this ﬁgure can be viewed online.)
S. Hemanth et al. / Carbon 121 (2017) 226e234 233ﬁtting for a representative Nyquist plot of a 3D carbon microelec-
trode. The bulk carbon electrode material can be modeled by a
series of capacitances (CB) and resistances (RB) in parallel or an
equivalent RB and CB [36]. The resistance of the electrolyte and the
charge transfer at the electrode surface can be represented by re-
sistances RS and Rct, respectively, as shown in Fig. 9B.
Table 2 summarizes the values of equivalent circuit components
extracted from the ﬁtting of the experimental data where Q is the
constant phase element (CPE) at a frequency u e 1, a is the
multiplication factor of the phase angle and W is the Warburg
impedance.
The semicircle at the high frequency corresponds to the
electron-transfer kinetics of the redox probe at the electrode
interface, while the linear part at the lower frequency is due to the
diffusion-limited electron-transfer processes [48]. The charge
transfer resistance Rct for the 3D microelectrodes was considerably
smaller than for 2Dp or 2D microelectrodes. The decrease of the Rct
is mainly due the increased surface area of 3D carbon microelec-
trodes which is also shown by an increase of peak current during
CV. With the increase in surface area, the bulk capacitance (CB)
increases and bulk resistance (RB) decreases. This is mainly due sp2
and sp3 regions in the pyrolytic carbon electrodes which acts as
conducting and insulating regions respectively. Generally RS is the
solution resistance, but for a microelectrode an additional resis-
tance due to the electrochemical system is present. Hence a
decrease in RS for 3D carbon microelectrode. Increased surface area
for a 3D carbon microelectrode increases the overall roughness and
inhomogeneous electron transfer which can be seen by a decrease
in a [21].
3.6. Dopamine (DA) detection with square wave voltammetry
Dopamine is an important neurotransmitter in the central ner-
vous system (CNS) [7]. Lack of dopamine releasing neurons in the
CNS leads to neurodegenerative disorders such as Parkinson's dis-
ease [49]. Dopamine sensing experiments with 2D, 2Dp and 3D
carbon microelectrodes were conducted. Fig. 10A shows the resultsobtained for dopamine detection on 3D carbon microelectrodes.
Fig. 10B shows the linear increase of the peak current with the
increase in DA concentrations. The SWV's for DA detection on 2D
and 2Dp electrodes are given in supplementary information S5. The
highly sensitive 3D carbon microelectrodes resulted in twice the
peak current compared to 2D electrodes for dopamine detection.
For 25 mM dopamine, the 2D and 3D carbon microelectrodes
resulted in currents of 33.2 mA and 15.0 mA respectively which
corresponds to a two-fold increase of the response for DA detection
using 3D carbon microelectrodes. The sensitivity of the DA detec-
tion on 3D carbon microelectrodes was 0.87 mA mM1 (slope of the
ﬁtting in Fig. 10B) and 0.069 mA mM1 mm2 (considering WE
footprint area ¼ 12.56 mm2), which is higher than the reported
values for other unmodiﬁed carbon microelectrodes [7,50,51].
4. Conclusion
Suspended multilayer SU-8 polymer templates were success-
fully fabricated with multiple steps of UV photolithography and
pyrolysed to obtain 3D carbon microelectrodes. Five designs of 3D
carbon microelectrodes were characterized for shrinkage and me-
chanical stability with optical microscopy, SEM, Raman and XPS.
Designs with pillar pitch (Ф) ¼ hole pitch (c) (design 1, 2 and 4)
were successfully fabricated with a very low reproducibility with a
feature size of 7 mm. The smallest feature size of pyrolysed carbon
observed on the suspended layer was 2 mm (design 3 and 5) with
less throughput. 3D carbon microelectrodes (design 1e5) were
successfully fabricated even with a high shrinkage of 48.3%, 41.0%
and 48.4% for height, pillar diameter and suspended layer thickness
respectively. An electrochemical chip with 3D carbon microelec-
trodes as working electrode, carbon as counter and gold as pseudo-
reference was fabricated for electrochemical characterization. CV
and EIS were used for electrochemical characterization. CV resulted
in twice the peak current for 3D microelectrode as compared to 2D
electrode. Further 3D microelectrodes were characterized by CV
(different scan rate and concentration) and EIS, which conﬁrmed
that 3D microelectrodes provide a higher electron transfer and
S. Hemanth et al. / Carbon 121 (2017) 226e234234lower charge transfer resistance compared to 2D electrodes due to
the larger surface area. Finally 3D carbon microelectrodes were
used to enhance DA detection, which also resulted in twice the
higher current response as compared to 2D carbon electrodes.
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Supplementary information 
 
S1. Surface area calculation  
The total surface are is calculated as :  
Atotal = Area of the base + (no. of pillars x pillars cylinderical area) + (2x (Area of the suspended layer-
area of the holes on the suspended layer)s – area of the pilars top 
Design 1: 21.2 mm2 
Design 2: 25.2 mm2 
Design 4: 17.82 mm2 
 
S2. Different scan rate CV for 2D and 2Dp 
CV with different scan rate (100 mVs-1, 50 mVs-1, 25 mVs-1, 15 mVs-1, 10 mVs-1) was performed with 
Fe(CN)63−/4−(10 mM) on 2D and 2Dp configuration of working electrode. Figure A.A and Figure A.B 
shows the CV of 2D and 2Dp carbon electrodes in Fe(CN)63−/4− respectively.  
 
Figure A: CV of 2D and 2Dp with different scan rates in 10 mM Fe(CN)63−/4− 
S3. Different concentrations CV for 2D and 2Dp 
CV with different concentration of Fe(CN)63−/4− (20 mM, 15 mM, 10 mM, 5mM, 2.5 mM and                  
1.25 mM) was performed on 2D and 2Dp configuration of working electrode with 100 mVs-1 scan rate.  
Figure B.A and B shows the CV of 2D and 2Dp carbon electrodes in Fe(CN)63−/4− respectively.  
 
Figure B : CV of 2D and 2Dp with different concentrations of Fe(CN)63−/4− 
 
S4. XPS  
XPS was performed on a flat carbon surface. Figure C shows the carbon peak at 285 eV.  
 
Figure C: XPS spectra of carbon microelectrode 
 S5. Dopamine detection  
Different concentrations of dopamine (25 µM, 50 µM, 75 µM and 100 µM) was detected on 2D and  
2Dp as shown in Figure D.A and B respectively.  
 
Figure D : Dopamine detection with (A) 2D and (B) 2Dp carbon microelectrode 
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Available online 27 January 2017In this work we present an easy, fast, reliable and low cost microfabrication technique for fabricating suspended
microstructures of epoxy based photoresists with UV photolithography. Two different fabrication processes with
epoxy based resins (SU-8 and mr-DWL) using UV exposures at wavelengths of 313 nm and 405 nm were opti-
mized and compared in terms of structural stability, control of suspended layer thickness and resolution limits.
A novel fabrication process combining the two photoresists SU-8 and mr-DWL with two UV exposures at
365 nm and 405 nm respectively provided a wider processing window for deﬁnition of well-deﬁned suspended
microstructures with lateral dimensions down to 5 μmwhen compared to 313 nm or 365 nmUV photolithogra-
phy processes.
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Suspended microstructures
SU-8
mr-DWL1. Introduction
The epoxy-based photoresist SU-8 is well established for the
microfabrication of 3D microstructures for various applications such as
tissue engineering, microelectromechanical systems (MEMS) and
microﬂuidics [1–6]. Furthermore SU-8 is also the most common poly-
mer template for the fabrication of pyrolytic carbon electrodes using
the Carbon MEMS (C-MEMS) process [7]. The resist allows fabrication
of high aspect ratio microstructures with highmechanical and chemical
stability using standard UV photolithography due to the low absorption
of UV wavelengths above 350 nm [8]. At the same time, the low UV ab-
sorption results in challenges for fabrication of overhanging or
suspended features by subsequent steps of SU-8 photolithography. In
the past, different fabrication processes have been proposed for the fab-
rication of suspended 3D SU-8 microstructures. Advanced methods
such as X-ray, e-beam and two-photon lithography have been proposed
for fabrication of high resolution 3D microstructures [9–12]. The limit-
ing factor for these techniques is the low throughput.
Alternatively, several approaches using UV photolithography have
been introduced. Themost commonprocess involves adding a polymer-
ization-stop-layer between the structures to be suspended and the sub-
strate [13,14]. Alternatively lamination of a polymer foil on top of a
patterned template followed by patterning of the foil has been proposed
[15,16]. The complexity of these fabrication processes increases as the
structures become multi-layered (i.e. more 3D). Another method in-
cludes doping of SU-8 with nanoparticles or tailoring of the).photoinitiator concentration to control the thickness of suspended
layers. However adding nanoparticles such as Fe2O3 or increasing the
concentration of photoinitiator requires an additional preparation step
[17,18]. Furthermore, suspended macrostructures have been fabricated
with grayscale photolithography, but without achieving micron or sub-
micron resolution [7].
Recently, fabrication of suspended SU-8 layers by partial exposure at
a wavelength of 365 nm has been demonstrated [19–21]. The limiting
factor of this fabrication process is the narrow processing window
(5 ± 1 s UV exposure) for the partial exposure [22]. We observed that
minor variations in parameters such as the baking temperature, humid-
ity and exposure dose resulted in cracks and difﬁculties to control the
suspended layer thickness (Fig. 1.A). Furthermore, instability of the fea-
tures with a size smaller than 10 μmwas seen (Fig. 1.B). Alternatively,
the use of a lower wavelength (313 nm) to crosslink or pattern the
suspended layer has been proposed [14]. At this wavelength, the ab-
sorption by the SU-8 is increased resulting in lower penetration depth
of the UV radiation.
In this work, we introduce a third approach for fabrication of
suspended layers of epoxy based photoresists with UV photolithogra-
phy using a higher wavelength of 405 nm. The combination of two dif-
ferent photoresists (SU-8 and mr-DWL) is exploited to fabricate
suspended layers with a precise lateral and longitudinal resolution.
The novel approach is compared with a process using partial exposure
at wavelengths of 313 nm to crosslink the suspended layers. Compared
to earlier work, all the processes were carried out with a low tempera-
ture baking proﬁle tominimize the thermal stress [23,24]. After optimi-
zation of the exposure dose, both fabrication processes result in a well-
deﬁned suspended layer in lateral direction. However, the fabrication
Fig. 1.Defects in suspended SU-8 layer fabricatedwith 365 nmpartial UV exposure according to [22] (A) Cracks on the suspended layer and (B) Unstable suspended SU-8microstructures.
41S. Hemanth et al. / Microelectronic Engineering 176 (2017) 40–44processwith 405 nmandmr-DWL provides awider processingwindow
and improved control of the thickness of the suspended layer.
2. Methods
2.1. 313 nm UV photolithography
The fabrication of suspendedmicrostructures using 313 nmphotoli-
thography is illustrated in Fig. 2. Schematic of the 313 nm UV lithogra-
phy process: (A) SU-8 is spin coated on a Si/SiO2 substrate and soft-
baked; (B) 1st UV exposure at 365 nm; (C) 2nd partial UV exposure at
313 nm and post-exposure bake; (D) Development in PGMEA. Approx-
imately 5ml of SU-8 2075 (MicroChem, USA) weremanually dispensed
on a 4-in. Si/SiO2 substrate and coating was performed using a two-step
spin process on a RCD8 T spin-coater (Süss Micro-Tec, Germany). A
spread cycle of 30 s at 700 rpm with 100 rpms−1 acceleration was ap-
plied, followed by a thinning cycle at 1600 rpm for 60 s with
100 rpms−1 acceleration yielding a uniform 98 μm thick ﬁlm. The
edge bead was removed by dispensing propylene glycol methyl ether
acetate (PGMEA) at the edge of the rotating wafer at 300 rpm for 30 s
(Fig. 2A). To minimize the thermal stress low temperature baking
steps were used [24]. The wafers were placed on a programmable
hotplate (Harry Gestigkeit GmbH, Germany) at room temperature andFig. 2. Schematic of the 313 nm UV lithography process: (A) SU-8 is spin coated on a Si/SiO2 s
313 nm and post-exposure bake; (D) Development in PGMEA.ramped to 50 °C at 2 °Cmin−1 followed by a soft bake (SB) for 5 h at
50 °C and natural cooling for 2 h. The SU-8 layer was patterned by UV
exposure on an EVG620 aligner (EVGroup, Austria) equipped with a
mercury lamp and a long pass ﬁlter (SU-8 ﬁlter), adjusted to a constant
intensity of 7mWcm−2 at 365 nm in soft contactmode through amask.
The intensity was measured with a UV-Optometer (SUSS UV-
Optometer, SÜSS MicroTec AG, Germany) using a probe 365/405 chan-
nel 365, which is sensitive between 345 nmand 385 nm, where 365 nm
intensity is the maximum for a mercury lamp. The SU-8 ﬁlter blocks all
wavelengths below 345 nm. The mask (M1) includes designs of
micropillar arrays with various pillar diameters (d = 10 − 50 μm)
with a varying pitch (a = 25− 250 μm). The ﬁrst UV exposure with a
dose D1 = 210 mJcm−2 (Fig. 2.B) was followed by a second partial UV
exposure at 313 nm with dose D313 through a second mask (M2). For
the partial exposure, the ﬁlter was changed to a 313 nm (250 nm to
350 nm) short pass ﬁlter. A constant intensity of 1.05 mWcm−2 was
measured with a UV-Optometer using a 320 nm probe which is sensi-
tive between 290 nm and 345 nm including the predominate line for
a mercury lamp at 313 nm. The partial exposure dose D313 was opti-
mized to obtain well resolved microstructures on the suspended layer
connecting the pillars (.C). The mask (M2) includes distribution of
holes with diameters (w = 10 μm− 50 μm) and varying pitch (y =
5 μm − 200 μm) which deﬁnes the suspended layer. For the postubstrate and soft-baked; (B) 1st UV exposure at 365 nm; (C) 2nd partial UV exposure at
42 S. Hemanth et al. / Microelectronic Engineering 176 (2017) 40–44exposure bake (PEB), a baking temperature of 50 °C for 5 h with a ramp
of 2 °Cmin−1 followed by a natural cooling down to room temperature
was used. The development in PGMEA was performed in two steps of
10 min followed by rinsing in isopropanol for 30 s and drying in air
(Fig. 2.D)
2.2. 405 nm UV photolithography
The fabrication of suspended microstructures with 405 nm UV pho-
tolithography is shown in Fig. 3. The supporting SU-8 pillars were fabri-
cated as described in Section 2.1 (Fig. 3.A and B). After the ﬁrst SU-8
exposure (Fig. 3.B), approximately 5 ml of mr-DWL 40 (Microresist
technology GmbH, Germany) were spin coated on the SU-8 at
4000 rpm for 60 s with 100 rpms−1 acceleration yielding a uniform
17 μm thick ﬁlm. The polymer stack was SB at 50 °C for 1 h (Fig. 3.C).
The alignerwas equippedwith two ﬁlters: The 365 nmbroad band ﬁlter
described above (SU-8 ﬁlter) and a 10 mm thick PMMA sheet
(SPMMA0050NR00, NordiskPlast, Denmark) mainly to ﬁlter out the i-
line at 365 nmwavelength. With this conﬁguration the constant inten-
sities at 313 nm, 365 nm and 405 nmwere 0 mWcm−2, 0.33 mWcm−2
and 10.50 mWcm−2 respectively. The intensity at 405 nm was mea-
sured with the UV-Optometer using probe 365/405 channel 405,
which is sensitive between 345 nm and 460 nm, including three domi-
nate lines at 365 nm, 405 nm and 435 nm. The 365 nm intensity is half
the intensities at 405 nm and 435 nm, hence the measured intensity at
405 nm was obtained by subtracting the intensities at 365 nm and
435 nm. The exposure dose for mr-DWL 40 D405 was optimized to ob-
tain well resolved microstructures on the suspended layer (Fig. 3.D).
This step was followed by a PEB at 50 °C for 5 h and development in
PGMEA in two steps of 10 min each, rinsing in isopropanol for 30 s and
drying in air (Fig. 3.E).
3. Results and discussion
3.1. 313 nm UV photolithography process
For UV photolithography with 365 nm wavelength both the lateral
dimensions and the thickness of the suspended layer have been difﬁcultFig. 3. Schematic of 405 nmmicrofabrication process: (A) SU-8 is spin coated on a Si/SiO2 substr
(D) 2nd UV exposure at 405 nm and post-exposure-bake; (E) Development in PGMEA.to control and reproduce. Here, a lowwavelength (313 nm)was used to
limit the cross-linking to the top surface. SU-8 absorbs considerably
more UV radiation at wavelengths below 350 nm [8]. Therefore, activa-
tion of the photoinitiator in the bulk of the resist ﬁlm is reduced and
crosslinking can be limited to the top surface when using lower wave-
lengths for the partial exposure [8,14].
We optimized a low temperature process to successfully fabricate
suspended SU-8 layers with UV exposure at 313 nm wavelength for a
large range of exposure doses D313 (Fig. 4). The UV exposure at
313 nm limited photoinitiator activation to the top surface and allowed
to reduce the thickness of the suspended layer (approximately 11 μm)
compared to exposure at 365 nm. However, the high absorption at
313 nm combined with diffusion of the photoinitiator resulted in over-
exposure and complete crosslinking of the top surface without any pat-
terns for an exposure dose D313 = 10 mJcm−2 (Fig. 4.A). Even for a
lower exposure dose of 5.25mJcm−2 (5 s of UVexposure) the structures
were still over exposed and no replication of the mask design M2 was
achieved (Fig. 4.B). With an exposure dose of 3.15 mJcm−2 (3 s of UV
exposure) the patterns on M2 were replicated (Fig. 4.C and D). The
thickness of the suspended layer was approximately 11 μm for all
three exposure doses (D313). The holes with 10 μm diameter and pitch
5 μm were successfully fabricated on the suspended layer as showed
in Fig. 4.C. This demonstrates that the processingwindow for fabrication
of suspended SU-8 structures with high lateral photolithographic reso-
lution remains quite narrow when using UV exposure at 313 nm. As a
major drawback, it is not possible to control lateral resolution and thick-
ness of the suspended layer independently, because both parameters
depend on the exposure dose. This results in a less ﬂexible process for
fabricating patterned suspended layers with different thicknesses.
3.2. 405 nm UV lithography process
The limitation to control both lateral resolution and the suspended
layer thickness precisely, lead us to explore a new fabrication process.
The negative epoxy photoresist mr-DWL 40 has a photoinitiator which
can be activated at 405 nm. At the same time, SU-8 should not be
cross-linked after UV exposure at 405 nm wavelength. First, the SU-8
crosslinking at 405 nm was evaluated by exposing 98 μm thick SU-8ate and soft-baked; (B) 1st UV exposure at 365 nm; (C)mr- DWL 40 spin coating on SU-8;
Fig. 4. Second partial UV exposure optimization with D313 (A) 10.50 mJcm−2 (B) 5.25 mJcm−2 and (C) and (D) 3.15 mJcm−2.
43S. Hemanth et al. / Microelectronic Engineering 176 (2017) 40–44layers with an exposure dose of 220.5 mJcm−2 (21 s of UV exposure).
After development no SU-8 structures remained on the substrate.
Next, the complete fabrication sequence illustrated in Fig. 3 was per-
formed. Fig. 5 shows that suspended layers with a well-deﬁned thick-
ness of 17 μm were obtained for a large range of exposure dose D405.
Exposure doses of 105mJcm−2 (Fig. 5.A) and 52.5mJcm−2 (Fig. 5.B) re-
sulted in overexposure and themask (M2) patternswere not replicated.
For an exposure dose D405 = 31.50 mJcm−2 (3 s of UV exposure) well-
deﬁned suspended layers were fabricated.
With this fabrication process it is possible to deﬁne the pattern only
in the mr-DWL polymer (suspended layer) without affecting the
supporting SU-8 structures. The thickness of the suspended layer is de-
ﬁned by a spin coating step and the lithographic resolution of the
suspended layer is deﬁned by the UV exposure dose at 405 nm. ThisFig. 5. Second UV exposure D405 optimization (A) 105 mincreases the processing window for patterning the suspended layer
and allows independent tailoring of the two parameters.
4. Conclusion
Suspended SU-8 microstructures were fabricated with UV photoli-
thography using two different wavelengths (313 nm and 405 nm). For
the process using 313 nm, the optimized partial exposure dose
D313 = 3.15 mJcm−2 for a low temperature baking process was used
to fabricate a well-deﬁned suspended layer with 5 μm suspended struc-
tures. This approach limited crosslinking to the top layer of the SU-8ﬁlm
and increased the processing window for the exposure dose compared
to earlier work performed with 365 nm [22]. However, simultaneous
control of the thickness of the suspended microstructures wasJcm−2 (B) 52.5 mJcm−2 (C) and (D) 31.50 mJcm−2.
44 S. Hemanth et al. / Microelectronic Engineering 176 (2017) 40–44impossible. To achieve this, a novel process using UV lithography at
405 nm was optimized after spin coating a layer of a second epoxy
based photoresist mr-DWL 40. The ﬁltering of the lower wavelengths
was achieved by simply inserting a PMMA sheet in a standard UV
aligner. The optimized exposure dose for well resolved microstructures
on a mechanically stable suspended layer of mr-DWL was D405 =
31.50mJcm−2. In conclusion, a change in wavelength and the introduc-
tion of an additional spin coating step allowed optimal control of both
thickness and lateral resolution and thereby improved processing ﬂexi-
bility. In future work, the suspended SU-8 structures will be used as a
polymer template for C-MEMS to fabricate 3D carbon microelectrode.
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Abstract 
 
This work presents the fabrication and characterization of 3D interdigitated 
pyrolytic carbon ultramicroelectrodes. The 3D interdigitated polymer template is 
pyrolyzed at 1100 ºC for 1 h in N2 environment to obtain 3D carbon interdigitated 
ultramicroelectrodes (IDUME). A 3D interdigitated polymer template is 
fabricated by multiple steps of UV exposure of epoxy based resins. The suspended 
interdigitated microstructures were fabricated using a UV exposure at 405 nm 
wavelength. The mechanical stability and electrochemical performance of 
different designs of 3D IDUMEs were compared. The 3D IDUMEs were 
characterized by scanning electron microscopy (SEM) and optical microscopy, 
cyclic voltammetry (CV) and impedance spectroscopy (EIS). The electrochemical 
characterization shows the higher sensitivity (2 folds) for 3D IDUME compared 
to 2D IDE. Finally the 3D IDUMEs were used for 4-Aminophenol (4-AP) 
detection.  
 
Keywords: Ultramicroelectrodes, 3D Pyrolytic carbon, Interdigitated electrodes, UV- 
photolithography  
   
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 
 
Interdigitated electrodes (IDEs) have been used in many different applications such as bioelectrochemistry 
1,2, chemical sensors 3, supercapacitors 4, and microbatteries 5.   IDEs offer several advantages, such as 
working with low volumes of sample, enhanced sensitivity and detection limits 6–9. The IDEs are 
adventurous mainly in electrochemical application because of its increased surface area of the electrode.  
Furthermore, the small feature size of the IDEs facilitates the ultramicroelectrodes behavior 10. IDUME 
exhibit various advantageous properties, for instance improved current densities, with even lower values of 
measured current and reduced double-layer capacitance 11. They obtain steady-state current even in 
unstirred solutions which enables measurements performed for chemical and electrochemical kinetics 
analyses 12. They achieve comparably higher scan-rate in voltammetry experiments and enable their 
application in media with higher resistivity 11. Using IDUME, fast measurements are yielded through 
current-potential curves (CV) and less ohmic drop, interfacial capacitance and time constants are offered in 
electrochemical studies. Improved faradaic-to-charging current and signal-to-noise ratio achieve higher 
sensitivities 13,14. Increasing current response of electrodes has been observed by increasing the overall 
surface area 13. Due these advantages, numerous studies have been extensively focused on having an 
IDUME as working electrode in comparison with other simpler configurations 15. 
Several fabrication techniques have been proposed to fabricate IDEs such as screen printing 16, inject 
printing 17 laser writing 18,19 and hot embossing 20,21. These techniques are limited for fabricating planar 
(2D) electrodes which limits the overall sensitivity. The sensitivity of the electrode can be increased by 
increasing the surface area of the electrodes (i.e. 3D electrodes). Some of the fabrication techniques used 
for fabricating 3D IDE are 3D printing 22,23, electroplating 24 and carbon MEMS (C-MEMS) 25–31. 3D 
printing lacks the resolution down to few micron and electroplating of metals on 3D substrate can lead to 
an expensive process. C-MEMS constitutes a cost-effective process and simple approach for fabrication of 
3D carbon microelectrodes. . In this process, a polymer precursor is patterned using photolithography and 
subsequently the polymer precursor is transformed into pyrolytic carbon through high temperature 
treatment (900-1100 oC) in an inert atmosphere (N2 or Ar) 33. In comparison with other methods, it offers 
easier control of feature size, higher surface quality and structures with higher aspect ratios 32. Different C-
MEMS fabrication processes have been presented to obtain the polymer template such as e-beam 34, X-ray 
35 and UV photolithography  36. The latter one constitutes the most effective as it achieves high throughput, 
resolution in the micron or submicron scale. 
Numerous attempts have been performed to fabricate carbon IDUMEs 37. Several designs have been 
investigated by varying geometrical parameters 38–41. Amato et al. fabricated pillars on top of fingers in the 
attempt to create 3D structures and achieve increased electrochemical response 42. The same geometry was 
fabricated by Beidaghi and Agrawal et al. for energy storage applications 4. Nevertheless, the results in the 
pre-mentioned works did not offer more complex 3D structures with suspended layer on top of the 
supporting pillars. 
In this work, 3D carbon IDUMEs with suspended layer on supporting pillars are demonstrated for the first 
time. The 3D polymer template was fabricated by multiple UV exposure similar to the process described 
in our previous work 43. The epoxy based photoresist (SU-8 and mr-DWL 40) was used to fabricate 3D 
polymer template with suspended interdigitated microstructures. The suspended layer (mr-DWL 40) was 
fabricated with a UV exposure at 405 nm wavelength which limits the crosslinking only to the mr-DWL 
40. Optical imaging and SEM was used to evaluate the structural stability of carbon IDUMEs. Different 
designs of IDUME was fabricated by varying the fingers width (w), fingers pitch (Ф) and pillar diameter 
(d) to optimize the 3D carbon IDUMEs configuration. The fabricated 3D IDUME was also characterized 
electrochemically with cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).  
 
2. Experimental section 
 
2.1 Chip design 
In this work, 2D and 3D IDE were designed and fabricated. The dimensions for each chip were chosen to 
be 21 mm and 10 mm for width and length, respectively (Figure 1.C). Figure 1.A presents IDE design being 
consisted of two combs with parallel fingers having symmetric gap among them and contact pads for 
electrical connection. In electrochemical measurements one comb was used as working (WE) and one as 
counter electrode (CE) (Figure 1.B). Only the area of the carbon fingers is being left exposed during 
electrochemical measurements through a window of 4 mm diameter (Figure 1.C). 
          
Figure 1 (A) Definition of different areas of interest on IDE design (B) Design of metal contacts (C) Design of passivation layer 
defining the working carbon area (D) Final fabricated micorchip 
 
2. 2 3D polymer template fabrication  
 
The schematic of fabrication process for fabricating 3D suspended polymer template is present in Figure 2. 
A 4-inch Si wafer is chemically cleaned with RCA to remove organic residues 44. Subsequently, the wafer 
was thermally oxidized for 1.04 h with annealing time of 20 min achieving a SiO2 layer of 604 nm (Figure 
2.B), following by baking in an oven at 250 oC for 2 h to obtain higher dehydration.  
3D polymer template was fabricated using three subsequent UV photolithographic processes. The 3D 
polymer template has three levels, first level is the fingers, pillars on fingers and a suspended layer created 
on the pillars. 
The first lithographic process starts with SU-8 2035 spin coating (MicroChem, USA, Figure 2.C). The 
spinning consists of two steps, at 1000 rpm with 200 rmps-1 for 10 s and at 5000 rpm with 1000 rpms-1 for 
120 s to spread the resist and defining the thickness (15 µm) respectively. This is followed by a soft-bake 
(SB) for 15 min at 50 oC on a programmable hotplate (Harry Gestigkeit GmbH, Germany) with a ramp of 
2 oCmin-1. Subsequently, the resist layer UV exposed with a dose of D1 = 140 mJcm-2 (Figure 2.D), followed 
by a post-exposure bake (PEB) for 2 h at 50 oC choosing the same ramp. The intensity of the UV light was 
set constant at 7 mWcm-2 at 365 nm wavelength using an EVG620 aligner (EVGroup, Austria) equipped 
with a mercury lamp and a long pass SU-8 filter. 
Subsequently a second layer of SU-8 2075 was spin coated (Figure 2.E) with three steps on top of the resist 
of the previous described lithographic step. Firstly, for 30 s at 700 rpm with 100 rpms-1 and 60 s at 1600 
rpm with 100 rpms-1, followed by a third spinning for 30 s at 300 rpm to remove the edge bead by dispensing 
propylene glycol methyl ether acetate (PGMEA, mr-Dev 600, Dowanol™ PMA) resulting in a 100 µm 
thick SU-8. The liquid dispensed automatically with a mechanical arm at the edge of the wafer rotating at 
 
100 rpms-1 for 30 s. SB and PEB both for 5 h at 50 oC, with an UV exposure (UVE) step (Figure 2.F) in 
between performed again. The exposure dose was chosen at D2 = 210 mJcm-2. 
The third layer of mr-DWL-40 photoresist (Microresist technology GmbH, Germany) is spin coated for 60 
s at 4000 rpm with 100 rpms-1 to get a 17 µm thick layer (Figure 2.G). SB performed for 1 h at 50 oC, 
followed by UV exposure (Figure 2.H) with an optimized exposure dose of D3. Additional Poly(methyl 
methacrylate) filter (PMMA, NordiskPlast, Denmark) which has a constant intensity of 10.5 mWcm-2 at 
405 nm is added which also blocks the 365 nm wavelength. PEB followed with parameters chosen to be 
the same with the SB of this particular lithographic process. 
Figure 2.I presents the cross-linked areas of polymer after exposure. The uncross-linked areas of resist were 
removed through development (Figure 2.J) by simple immersion in PGMEA in two steps of 15 min each. 
Any residues remaining was removed by isopropanol rinse and at the end of the process the wafers left to 
be dried at room temperature. 
An additional flood exposure (FE) of two steps both with the same dose D4 = 250 mJcm-2 and a waiting 
time of 30 s among them took place without using any mask, followed by hard-baking (HB) for 15 h at 90 
OC with ramp 2 oCmin-1.  
Fabrication of structures consisting only the first level (2D) follows the same described recipe until the PEB 
of this particular layer excluding the process steps formatting the next levels with pillars or suspended 
structures (Figure 2.A-D and Figure 2.I-J) The same approach is followed if electrodes consisting only with 
first level and supporting pillars (2Dp) are required (Figure 2.A-F and Figure 2 I-J). 
 
Figure 2 Schematic of photolithographic process of 3D polymer microfabrication  (A) Initial Si wafer (B) Wet thermal oxidation 
(C) Spin coating of SU-8 2035 (D) Soft-bake, 1st UV exposure and post-bake (E) Spin coating of SU-8 2075 (F) 2nd UV exposure 
between a soft and post-bake step (G) Spin coating of mr-DWL 40 (H) 3rd UV exposure between a soft and post-bake step (I) 
Cross and uncross-linked areas of photoresist after exposure (J) Development in PGMEA 
 
Table 1 Summarize of design dimensions for geometrical parts of 3D polymer templatesummarizes the five 
3D polymer template designs selected for our study. ‘’C’’ indicates designs with suspended stripes 
connecting different fingers of the same comb (Figure 3.A). Accordingly, ‘’P’’ indicates design with 
suspended stripes connecting pillars of the same finger (Figure 3.B).  
 
Figure 3 Different designs of suspended layer (A) strips connecting different fingers of the same comb(C) and (B)strips 
connecting pillars of the same finger (P)  
Table 1 Summarize of design dimensions for geometrical parts of 3D polymer template 
Design 
no. 
2D finger Pillars Stripe in Suspended Layer 
Width 
(µm) 
Gap        
(µm) 
Diameter 
(um) 
Height 
(um) 
Width 
(um) 
Height 
(um) Type 
1 25 25 20 
100 
20 
17 
P** 
2 25 25 20 10 C 
3 100 100 50 50 P** 
4 100 100 50 25 C 
5 100 100 2x20* 10 C 
* 2x20 indicates two pillars of 20 μm diameters placed in the same area of single pillars.  
**Holes of 20 μm diameter was added on the stripes for ‘’P’’ design.  
 
2.3 3D carbon IDUME 
The carbon electrodes derived by pyrolysis (Figure 4) of photo-patterned polymer (Figure 2.J) structures at 
1100 OC for 1h. An ATV PEO604 furnace (ATV Tech., Germany) was used with inert atmosphere (N2) 
and a temperature ramp of 10 OCmin-1. After pyrolysis, oxygen plasma was performed targeting to remove 
carbon residues or other compounds between the electrode fingers. The duration of plasma treatment was 
optimized by keeping oxygen flow of 120 sccm and power of 500 W constant.  
 
Figure 4 3D carbon microelectrode derived by pyrolysis of polymer template 
2.4 IDUME chip 
The gold (Au) and Chromium (Cr) were deposited through a shadow mask using E-Beam evaporation 
(Alcatel SCM 600 from Bittmann, Germany, Figure 5.A) which acts as contact leads and pads. A 20 nm of 
Cr is used for better adhesion layer for Au (thickness of 200 nm) on carbon and Si/SiO2 substrate.  
A passivation layer (PL) was created using the same concept of UV photolithography (Figure 5.B). PL is 
used to define the carbon working electrode region during electrochemical experiments. Initially, the wafers 
heated at 250 oC and SU-8 2005 is spin coated 2000 rpm for 2min to obtain a 5 μm thick layer. Afterwards, 
SB at room temperatures for 15 min and UV exposed in two steps with a wait time of 36 sec and exposure 
dose of D5=250 mJcm-2 each.  PEB took place for 1 h, followed by development with two steps of 5 min 
each. The fabricated chips were diced in an automatic dicing saw (Disco DAD321, US). 
 
Figure 5 (A) Au deposition by E-Beam evaporation (B) Definition of carbon working area through passivation layer of SU-8 
 
2.5 Characterization through imaging 
The layer thicknesses was measured using a profilometer (Dektak 8 stylus). Three measurements were 
taken on three different chips (three different batches) at the same area of the electrode before and after 
pyrolysis. The topology, both of SU-8 and carbon microstructures, was studied through an optical 
microscope (Nikon ECLIPSE L200) and scanning electron microscope (SEM Zeiss Supra 40VP) for all 
designs to investigate the geometrical stability and the influence of the pyrolysis step. SEM images were 
captured in high and low vacuum (HV and LV) for carbon and polymer structures respectively. The polymer 
structures presented charging effects due to their conductive properties. This effect was reduced by 
choosing pressure for LV at17 mbar.  
2.6 Electrochemical Characterization  
For the electrochemical characterization, the electrode chips were placed in a  self-aligning magnetic 
clamping batch system, fabricated using different layers of poly methyl methacrylate (PMMA) 45. The 
experimental set-up is described in our previous works 45,46. The electrochemical performance was 
evaluated through cyclic voltammetry (CV) in potassium ferri-ferrocyanide ([Fe(CN)6]4−/[Fe(CN)6]3−) as 
redox probe in a three-electrode system configuration. The carbon microelectrodes played the role of 
working and counter electrode. An external Ag/AgCl was used as reference electrode. CV was performed 
for all designs of 2D and 3D IDUMEs between -0.6 and 0.6 V and repeated for four different chips of each 
design. Subsequently, electrochemical impedance spectroscopy (EIS) was performed using a two-electrode 
configuration (WE and CE). A sinusoidal potential of 10 mV was applied in the frequency range of 0.1-106 
Hz at steps of 10 points/decade. Square wave voltammetry (SWV) was used for 4-Aphinomenol detection. 
A potentiostat (Autolab PGSTAT128N, Metronohm Autolab) was used for all electrochemical 
measurements. NOVA software was used to analyze the acquired data. 
 
3. Results and discussion 
 
3.1 UV exposure optimization (D3) 
According to Suhith et al. the fabrication of the suspended layer on a supporting pillars required an UV 
exposure dose of 31.5 mJ cm-2 43. An attempt to fabricate 3D suspended layer with this dose showed the 
need to further optimization for our microstructures of interest (Figure 6.A). The stripes in the suspended 
layer was mechanically unstable due to the lack of UV-exposure. Therefore, higher exposure dose of 52.5 
mJ cm-2 (Figure 6.B) was tested. Fabrication results showed a well-defined and approximately identical 
microstructures.  
Figure 6 3D SU-8 microstructures fabricated with an exposure dose (D3) of (A) 31.5 mJ cm-2 and (B) 52.5 mJ cm-2 
 
3.2 Plasma treatment optimization 
Resistance measurements between two electrodes showed a significant change after plasma treatment. All 
values are available in supplementary information S1. The plasma treatment for 5 min enhanced the 
resistance values from kilo ohm (KΩ) to mega ohm (MΩ). Additional 10 min of plasma treatment increased 
resistance values to giga ohm (GΩ). Furthermore, additional 15 min of treatment did not show any 
significant change in resistance. Therefore a plasma treatment of 15 mins is used to remove any residual 
carbon after pyrolysis and increase the resistance between two electrodes.  
 
3.3 3D IDUME fabrication  
Figure 7.A-B presents polymer templates of design 1 and design 2. The according structures after pyrolysis 
can be observed in Figure 7.D and E. Figure 7.C shows the 2D IDE with a figure width of 19 µm. Figure 
7.F presents 5.2 μm stripes as the smallest feature in the suspended layer. 
 
Figure 7 Carbon 3IDUME (A)-(B) Polymer structures of designs 1 and 2 respectively (C)-(E) 2D , Design 1 and 2 after pyrolysis 
(F) Stripe of 5.2 μm as the smallest feature of the suspended layer in this category  
Figure 8.A, C and E shows the 3D suspended polymer template for design 3, 4 and 5 respectively. The 
corresponding carbon structures are shown in Figure 8.B, D and F. The structural topology of the 3D carbon 
structures found in accordance with the initial designs. The overall stability of the structures and the smallest 
feature of 5.2 μm width stripe in the suspended layer was fabricated with good mechanical stability.  
Additionally, under the same approach by increasing the number of the pillars, decreasing their diameter 
and using the same pitch among them, the durability of the system to support the suspended layer was not 
influenced (Figure 8.F). 
  
 
 
 
 
 
 
 
Figure 8: (A),(C) and (E) Polymer 3D structures of designs 3,4  and 5 respectively; (B),(D)and (F) 3D carbon microstructures of 
designs 3,4  and 5 respectively and (G)  2D IDE chip  
 
G 
 
Deviation of the initial designs can be observed only on pillars at the edges of the suspended layers. 
Increased stress during pyrolysis results in bending of the supporting pillars towards the direction where 
the stripes are extended (Figure 9.A-B).  As it can be noticed, the inclination of the pillars does not introduce 
any contact with neighboring structural parts. The same reason causes stretching of the holes in design 1 
and design 3 (Figure 9.C-D). 
 
Figure 9 (A)-(B) Bending of pillars, with 20 and 50 μm diameter respectively, due to residual stresses (C)-(D) Streching of holes 
in the suspended layer for design 1 and design 3 
 
3.4 3D carbon shrinkage analysis  
During pyrolysis, chemical process of cyclization, condensation, isomerization and aromatization conclude 
reduction of the mass, driving the overall systems to undergo shrinkage 32,47. This phenomenon should be 
investigated by recording differences in geometry before and after pyrolysis. In this study, dimensions of 
all three structural levels have been recorded. Specifically, width (W) of fingers in the first level, the 
diameter (D) and the height (Hp) of the pillars, widths of different stripes in the suspended layer and the 
height of the suspended layer (Hs). Figure 10 describe the dimensions before and after pyrolysis together 
with the shrinkage percentage (see supplementary information S2 for more information). Measurements of 
the geometrical aspects were taken through SEM images using Image-J software. 
Figure 10 offers a quantitative evaluation of the shrinkage in all structural parts. In the ground level, fingers 
with 25 μm design width, found having shrinkage of 21.95 % (W1) after pyrolysis, value being considerably 
larger than the shrinkage of 7.89 % (W2) for fingers with larger width (100 μm). The same trend is observed 
for stripes with different widths in the suspended layer (W3-W6). For instance, stripes in the suspended 
layer having initial design width of 10 μm present shrinkage of 67.67 % (W3) larger than the values of 
shrinkage for the next smaller design width (W4). The same conclusion can be done again by comparing 
shrinkage between W4-W5 and W5-W6. Considering these observations, it can be concluded that structural 
parts with smaller values of widths undergo larger shrinkage during pyrolysis in comparison with larger 
widths. The same trend is observed for the height of various levels. All pillars having design height of 100 
μm were experienced shrinkage of 60.32 % in comparison with 12.25 % for the height of the suspended 
layer. 
Moreover, by comparing structural parts in various levels but with the same geometrical characteristic, 
different trend can be observed. Particularly, fingers of 25 μm in the first level undergo smaller shrinkage 
(W1) in comparison with stripes of the same width in the suspended layer (W5). This can be explained by 
the attachment of the one side of structural parts in the first level with the substrate, blocking contracting 
forces developed during pyrolysis. 
Shrinkage of pillars’ diameter found with comparable values between 40-50% in accordance with reported 
values in literature 42. Additionally, shrinkage regarding the total height found again in agreement with 
previous studies approximately 50% 32.  
 
Figure 10 Shrinkage analysis for different strucutral parts(N =3)  
 
3.5 Cyclic voltammetry (CV)  
 
CV was performed on the all five designs of 3D IDMUE, 2D IDEs with pillars (2Dp) and 2D IDE in 10 
mM [Fe(CN)6]4−/[Fe(CN)6]3− in PBS with 100 mVs-1 scan rate (Figure 11.A). Creating more structural 
levels on a 2D configuration, for instance pillars or a suspended layer, the surface area is increased, thus 
the peak current. Figure 11 validates this aspect as the peak currents for voltammograms of 3D structures 
were found clearly higher (Ip(design1) = 0.465 mA) than 2Dp (Ip = 0.234 mA) and 2D (Ip = 0.136 mA) 
electrodes. The voltammogram of 3D IDUME in ferri-ferrocyanide showed ultramicroelectrodes behavior 
except for design 3. Design 3 is described by an asymmetric peaks, a typical response in conventional 
microelectrodes. As the width is decreased, the current response is altered. Current peaks disappear and the 
voltammogram obtains sigmoidal shape which is characteristic behavior of ultra-microelectrodes (Design 
1, 2, 4 and 5). The shape of diffusion areas is influenced by the size of the electrode. As the size of the 
electrode is relatively reduced, transport of electrochemical species at the edge where the electrode meets 
the insulating material on the substrate is comparable with the diffusion across the electrode surface (edge 
effect), this results in a hemispherical diffusion profile. Hemispherical diffusion at the edges of 
microelectrodes enhances rates of mass transport of electroactive species, improving the overall diffusion 
current. Therefore, the plateau current is obtained for 3D carbon electrodes with design 1, 2, 4 and 5.  The 
3D IDUME with fingers width of 25 μm (Design 1 and 2) presented the highest peak current (Ip(design1) = 
0.465 mA), due to their higher electrode surface area. Therefore, only design 1 and 2 will be considered for 
all further analysis.  No safe conclusion can be expressed on the performance between design 1 and design 
2 3D IDUMEs. Even if IDUME of design 2 presented higher peak currents, the lower reproducibility 
indicated by the standard deviation doesn’t allow a clear conclusion (Figure 11.B). 
 
Figure 11 (A) Comparison of 2D(finger width = 25 µm), 2Dp(finger width = 25 µm, pillar diameter = 20 µm) and 3D 
microelectrodes through CV (B) Peak current values for each design with SD (N=3) 
In order to further characterize the electrochemical performance of the different 3D IDUME (Design 1 and 
2), CV’s with different concentrations of [Fe(CN)6]4−/[Fe(CN)6]3−e (1 mM, 2.5 mM, 5 mM, 7.5 mM, 10 
mM). Representative voltammograms for each concentration for 3D IDUME, design 1 are shown in Figure 
12.A. Voltammogram for design 2 is shown in supplementary information S3. Figure 12.B shows mean 
peak current values (N=3) of 2D (finger width 25 µm), design 1 and design 2 for all chosen concentrations 
(find slope and intersection of the plots in supplementary information S4). For all designs, the peak current 
recordings indicate linear relationship with increasing concentration in accordance with Randles-Sevcik 
equation 48. Figure 12.B shows in general, higher signals for the 3D IDMUEs in comparison with 2D IDE 
with the same dimensions of fingers. It is possible to identify to different sensitivity regions. Above 5 mM, 
the peak current values of 3D IDUME were found more than two times higher compared to the 2D IDE. 
Below 5 mM, the ratio was found less than two (1.88 for 3Ddesign1/2D, 1.90 for 3Ddesign2/2D). 
By comparing the design 1 and design 2, a similar response is observed in detecting ferri-ferrocyanide for 
concentrations between 1 mM and 10 mM. The peak currents are considered the same, taking also into 
account the standard deviation in the measurements. Distinct difference is only present for the highest 
concentration of 10 mM. The lowest concentration detected was 1 mM. The sensitivity for design 1, design 
2 and 2D electrodes were found to be 38.92 μA mM-1,42.23 μA mM-1 and 14.51 μA mM-1 respectively, 
using the slope of each fitting in Figure 12.B. 
 
Figure 12 CV for different concentrations of ferri-ferrocyanide (A) Voltammograms of 3D IDMUE (design 2) (B) Peak current 
recordings for investigated designs 
 
To further characterize the IDEs electrochemical behavior, cyclic voltammograms of 3D IDUME (design 
2) were recorded (Figure 13.A) with different scan rates (10 mVs-1, 15 mVs-1, 25 mVs-1, 50 mVs-1, 100 
mVs-1, 200 mVs-1, 500 mVs-1, 750 mVs-1, 1000 mVs-1, 1500 mVs-1) using 10 mM of the redox probe 
[Fe(CN)6] 4−/[Fe(CN)6] 3− in PBS. Figure 13.B demonstrates the relationship between peak currents and 
square root of scan rates for 3D microelectrodes with design 1, design 2 and 2D IDE (25 µm fingers). Linear 
fit was achieved for the recorded peak current values. Both designs of 3D microelectrodes present higher 
values of peak current for all scan rates in comparison with the 2D, validating the improved performance 
due to increased surface area. Related parameters for all fittings are available in supplementary information 
S5.  
By observing the voltammograms response, different behaviors in electrochemical response was identified 
between higher and lower scan rates. At scan rates below 500 mVs-1, the linear diffusion transits to radial 
diffusion (or nonlinear diffusion), and consequently, a steady state was attained. Figure 13 .B shows the 
limiting current was almost constant in the scan rate range from 10 to 100 mVs-1 (CVs in shown in 
supplementary information S6) due to the radial diffusion, which is characteristic of ultramicroelectrode 
arrays. At scan rates above 500 mVs-1, linear diffusion dominates within individual electrodes and a broad 
peak shaped cyclic voltammogram curve was obtained (Figure 13.A), indicative of the Cottrel state 49. In 
Figure 13 .B, the limiting current was increased linearly with increases in the scan rate for scan rates after 
the transitory behavior observed between 100 mVs-1 and 500 mVs-1, as described by the Randles-Sevcik 
equation. This is typical of macroelectrodes or conventionally sized electrodes due to the diminution of the 
diffusion layer thickness when compared with the dimensions of the microelectrodes.  
 
Figure 13 CVs for different scan rates in 10 mM of  ferri-ferrocyanide (A) Voltammograms of 3D IDUME (design 2) (B) Peak 
current recordings for investigated designs 
 
3.6. Electrochemical impedance spectroscopy (EIS) 
 
EIS allows for further characterization of the carbon microelectrodes and it is a useful tool to understand 
the properties of an entire electrochemical set-up including electrode material properties and external 
interfacing instrumentations 50. Figure 14 shows the Nyquist plot for 2D IDE and 3D IDUME (design 1 and 
2) with the standard deviation (N = 3 chips). The semi-circle in the Nyquist plot determines the charge 
transfer resistance (Rct) or the resistance on the electrode surface. It is clear from Figure 14 that the 3D 
IDUME (design 2) has the least Rct. This is mainly due to the increased surface area which is also shown 
in CVs.  
 
Figure 14: EIS spectra of 2D and 3D IDUME (design 1 and 2) 
 
3.7 4-Aphinomenol (4-AP) detection  
4-AP has been widely used in various fields, such as medicine, sulfur and azo dyes, petroleum industry, 
and photography 51. It can be formed by the degradation of paracetamol and its analogs in the human body 
and during storage 51. 4-AP is toxic and irritable to the eyes, skin and respiratory system, and the target sites 
of 4-AP in the body are blood and the kidneys 51. EU Directive 2455/2001/EC sets a maximum 
concentration of 0.5 μgL-1 in drinking water and their individual concentration should not exceed 0.1 μgL-
1 52. Therefore, as 4-AP is both biochemically and environmentally hazardous, the determination of trace 
amounts of 4-AP in matrices such as water, pharmaceutical formulations and human fluids, is important.  
Square wave voltammetry (SWV) was chosen for the electrochemical detection of 4-AP as it is more 
sensitive compared to other voltammetric techniques 53. Different concentrations (100 μM, 50 μM, 25 μM, 
12.25 μM, 6.125 μM, 3.0625 μM) of 4-AP were chosen for electrochemical detection. Figure 15.A presents 
current responses for 4-Aphinomenol detection. The lowest detection limit found 3.0625 μM. Figure 15.B 
demonstrates increase of peak current values with increasing concentration of 4-AP. 3D IDUME (design 
2) presented improved performance of detection for all values of concentration in comparison with the 2D 
IDE. The difference in detection ability among the two geometries converges in the lowest concentrations 
of 4-AP. Linear fitting observed only among specific values in the chosen range of concentrations. The 
sensitivity of 3D IDUME was calculated to be 1.48 μA μM-1 and 0.46 μA μM-1 for concentration range 
between 1 μM -12.25 μM and 25 μM-100 μM respectively (0.07 μA μM-1 for 2D system). This 
electrochemical analysis validates the advantage of using 3D IDUME. Parameters related with the fitting 
of the experimental data are available in supplementary information S7. 
 
 
Figure 15 (A) Electrochemical detection of 4-AP using SWV using100 μM-1 μM range of concentrations (B) Peak current 
recordings of 2D IDE and 3D IDMUE (design 2) for different concentrations 
 
 
4. Conclusion 
The 3D IDUME was successfully fabricated and characterized. The fabrication process to fabricate 
suspended layers on micropillars was optimized. The optimized UV exposure dose to fabricate a well 
resolved suspended layer was D3 = 52.5 mJ cm-2. Five different designs of 3D IDUME was evaluated 
for mechanical stability and electrochemical performance (higher Ip and lower Rct). All five design 
shows high mechanical stability after pyrolysis. Design 1 and 2, resulted in higher Ip during CVs, due 
to their higher surface areas. 3D IDUME was also compared to 2D IDE for electrochemical 
performance. 3D IDUME gave a higher signal (2 folds) then 2D IDEs. EIS analysis also showed the 
lesser resistance on the 3D IDUME when compared to 2D IDE. 3D IDUMEs and 2D IDEs were 
successfully used for 4-AP detection using SWV. 3D IDUME gave a higher signal (~ 2 folds) when 
compared to 2D IDEs.  
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Supplementary Information  
 
S1 Plasma optimization after pyrolysis  
Design no. 
Resistance 
Before plasma  
After plasma  
5 min 
(MΩ) 
10 min 
(GΩ) 
15 min 
(GΩ) 
1 
KΩ 
 
325 1.4 1.42 
2 478 1.2 1.25 
3 256 1.5 1.51 
4 542 1.5 1.52 
5 468 1.3 1.35 
 
S2 Shrinkage analysis 
 Finger Pillars Suspended Layer  
 W1 W2 D1 D2 Hp W3 W4 W5 W6 Hs 
SU-8 25.96 98.50 20.43 55.18 103.60 14.08 20.75 26.94 47.43 18.59 
Carbon 20.26 90.73 11.45 32.11 41.11 4.55 9.76 15.59 28.69 16.31 
Shrinkage 
(%) 21.95 7.89 43.94 41.81 60.32 67.67 52.96 42.11 39.50 12.25 
 
S3 CV for design 2 with different concentrations  
 
S4 Linear fitting of current values obtained from different concentrations  
Equation y=a+b*x 
Weight Instrumental 
Design Design 2 Design 1 2D 
Residual sum of squares 2.9738 0.36126 0.17478 
Pearson’s r 0.99963 0.99997 0.99966 
Adj. R-Square 0.99901 0.99993 0.9991 
 Value Standard Error Value Standard Error Value Standard Error 
Mean Intercept 1.83616E-6 1.58839E-6 8.76738E-6 7.36499E-7 1.88652E-5 1.37268E-6 Slope 4.22382E-5 6.65261E-7 3.89272E-5 1.61738E-7 1.45148E-5 2.17332E-7 
 
 
S5 Linear fitting of current values obtained from different scan rates  
Design 2 
  Low concentration region High concentration region 
Equation  y = a + b*x 
Weight  No Weighting 
Residual 
Sum of 
Squares 
 
8.64687E-11 1.30443E-9 
Pearson's r  0.93654 0.97781 
Adj. R-
Square 
 0.83613 0.93416 
 Value Standard Error Value Standard Error 
Mean Intercept 4.22328E-4 1.00186E-5 -7.35271E-4 2.15489E-4 Slope 6.18804E-5 1.33736E-5 9.66649E-4 1.46457E-4 
2D 
 Low concentration region High concentration region 
Equation y = a + b*x   y = a + b*x   
Design 1 
 Low concentration region High concentration region 
Equation y = a + b*x   y = a + b*x   
Weight Instrumental   No Weighting   
Residual 
Sum of 
Squares 
0.01301 
  1.21991E-9   
Pearson's r 0.97677   0.98376   
Adj. R-
Square 
0.93878   0.95167   
  Value Standard Error  Value 
Standard 
Error 
Mean Intercept 4.33036E-4 8.20474E-7 Intercept -9.85607E-4 2.08392E-4 Slope 9.19158E-6 1.16415E-6 Slope 0.0011 1.41633E-4 
Weight Instrumental   No Weighting   
Residual 
Sum of 
Squares 
0.00471 
  1.4093E-9   
Pearson's r 0.99502   0.98382   
Adj. R-
Square 
0.98676   0.95186   
  Value Standard Error  Value Standard Error 
Mean Intercept 1.1257E-4 5.14763E-7 Intercept -0.00138 2.23985E-4 
 Slope 1.22173E-5 
7.06449E-
7 Slope 0.00118 1.52231E-4 
 
 
S6 CVs obtained from lower scan rates with design 2 
 
 
 
 
 
 
  
S7 4-AP detection linear fitting  
Equation y = a + b*x 
Weight No Weighting 
Geometry 3D 2D 
Concentration 
range (μM) 1 - 12.25 25 - 100 1-100 
Residual Sum 
of Squares 1.2019E-12 5.05814E-12 5.54265E-12 
Pearson's r 0.99623 0.99601 0.94614 
Adj. R-Square 0.98871 0.98405 0.87421 
 Value Standard Error Value 
Standard 
Error Value 
Standard 
Error 
i_p 
Intercept -4.13619E-7 6.42268E-7 
1.63318E-
5 
2.75449E-
6 9.49382E-7 
5.21624E-
7 
Slope 1.4829E-6 9.12979E-8 4.6452E-7 4.16439E-8 7.81305E-8 
1.19566E-
8 
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Abstract 
A highly sensitive enzyme-based electrochemical biosensor has been developed 
with bio-functionalized 3D pyrolytic carbon microelectrodes coated with reduced 
graphene oxide (RGO). The 3D carbon working electrode was micro fabricated 
and subsequently functionalized with graphene oxide and enzymes. The high 
sensitivity of the 3D carbon microelectrode is demonstrated with amperometric 
glucose sensing. The 3D carbon provided a higher sensitivity of 41 µA mM-1 cm-2 
compared to 8 µA mM-1 cm-2 for 2D carbon for glucose detection. The stability 
analysis of the enzymes on the 3D carbon showed reproducible results over 7 days. 
The selectivity of the electrode was evaluated with solutions of glucose, Uric acid, 
Cholesterol and Ascorbic acid, which showed a significantly higher response for 
glucose.    
Key words: 3D carbon microelectrodes, Graphene oxide, Glucose, electrochemical biosensor 
 
Introduction 
 
Electrochemical biosensors are one of the most successful sensor technologies in terms of real-
world application and commercial maturity1–5. Therefore, research and development of 
electrochemical biosensor is presently one of the most active area for various important 
applications such as diseases diagnostics6, environmental monitoring7, food quality control8, 
security and defense etc9. Electrodes are a central part for all electrochemical applications and 
are used as the transducer in electrochemical biosensing devices10. Therefore, evolution of 
electrodes is an integral part for advancement of electrochemical biosensors. Various 
conductive substrates have been used for development of electrodes in the past few decades11. 
Among them, carbon and its derivatives based electrodes are the most popular once. Carbon 
based materials can be found as many different allotropes  such as graphite, glassy carbon, 
carbon fibers, diamond, fullerene, nanotube etc12. Due to their wide availability, low-cost, high 
stability, high conductivity and excellent electrochemical performance, these carbon based 
materials became an obvious choice for wide ranges of electrochemical applications11. 
Furthermore, slow kinetics for oxidation of carbon facilitate the use of wide potential ranges 
(anodic direction) for various electrochemical experiments, which provides a crucial advantage 
compare to many different metal-based electrodes13. Therefore, carbon based two-dimensional 
(2D) electrodes are widely used for various electrochemical applications such as biosensors, 
super capacitors and fuel cells. However, the 2D carbon based electrodes provide limited 
surface area which is contributing to relatively lower performances and sensitivity for the 
electrochemical response when compared to 3D carbon electrodes 14. Rational design of the 
electrodes and an increase in surface area for the same overall electrode area are potential 
solutions for this problem. In the last few years, three-dimensional (3D) electrodes are showing 
very promising response for diverse electrochemical applications15. However, those electrodes 
are often lacking in consistency of their performances due to poor control of the 3D structural 
defination.  
In this work, we have used micro fabricated 3D pyrolytic carbon based electrodes for 
electrochemical biosensing and further compared to the biosensor performance with the one of 
a similarly fabricated 2D carbon electrode. Several microfabrication processes have been 
reported for the fabrication of 3D microelectrodes16–20. For our study one of the most simple 
and cost efficient techniques, Carbon MEMS (C-MEMS) was used to fabricate 3D carbon 
microelectrodes. In C-MEMS, a patterned polymer template is pyrolyzed at high temperature 
(~ 900 oC) to obtain well-defined 3D carbon microelectrodes21,22.Simialr to other carbon 
materials, pyrolytic carbon used for microelectrodes has several attractive properties 
such as a wide electrochemical potential window, ease of surface functionalization and 
biocompatibility11,23–25 .  
To demonstrate their application as an enzyme-based electrochemical biosensor, the pyrolytic 
carbon electrodes are coated with reduced graphene oxide functionalized with glucose oxidase 
and further used for measurement of glucose. Graphene is one of the mosty studied 
nanomaterials during the last decade due to its extraordinary properties26. Although pristine 
graphene itself is a zero band gap material27, suitable functionalization of chemically 
synthesized graphene can convert it to an ideal material for many real world applications28. In 
this work, we have used chemically synthesized graphene bio-functionalized with enzyme to 
develop a glucose biosensor based on 3D carbon microelectrodes. The reproducibility and 
selectivity of the biosensor with 3D electrodes were studied. The performance of biosensing 
response from 3D electrodes was further compared with the 2D electrode response. Finally, 
glucose level measurements in real human blood samples were performed using the 3D 
electrode.   
 
Materials and methods 
 
Microfabrication of 3D carbon microelectrodes  
 
The fabrication of the microelectrodes is following the approach previously reported in 
literature29. UV- photolithography was used to pattern a polymer template (Figure 1. A and D) 
and pyrolyzed at 900ᵒC for 1 h in N2 atmosphere to obtain the corresponding carbon 
microelectrode (Figure 1. B and E). The pseudo gold (Au) reference is deposited through a 
shadow mask. The synthesized graphene oxide is drop-cased only on the working electrode of 
the electrochemical chip (Figure 1.C and F).      
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic of   2D and 3D carbon biosensor fabrication (A) and (D) polymer template fabricated 
by multiple UV photolithography processes, (B) and (E) pyrolytic carbon fabricated by pyrolysis of the 
corresponding polymer template and (C) and (F) functionalized WE with reduced graphene oxide 
 
 
 
Si SiO2 SU-8 Reduced graphene 
oxide  
Carbon Gold  
A - 2D polymer  B - 2D electrode   C - 2D biosensor  
D - 3D polymer  E - 3D electrode   F - 3D biosensor  
Reduced graphene oxide synthesis (RGO)  
 
The bio-functionalized graphene was synthesized by following a study reported previously in 
literature 30. In the first step, pre-synthesized graphene oxide was functionalized and reduced 
by branched polymer PEI in a one-step method 31. Next, the as synthesized RGO-PEI was 
coupled with ferrocene carboxylic acid to achieve the redox activity of the biosensing material. 
Biosensor preparation  
 
The ferrocene functionalized RGO-PEI material was dispersed in 1 ml 0.5 % ethanolic 
Nafion® solution by sonication. The solution was drop casted on the pre-cleaned (in O2 plasma 
for 3 min) working electrode (WE) area of carbon microelectrodes and dried at room 
temperature overnight. Finally, for the preparation of the glucose biosensing electrode, 10 μl 
of glucose oxidase (GOx) solution (10 mg/ml) in a phosphate buffer (PBS, 10 mM, pH 7.0) 
were drop casted on the WE surface. The bio-functionalized 3D electrodes with enzymes were 
dried at 4°C overnight. Before performing electrochemical biosensing measurements, the 
electrodes were repeatedly washed with buffer solutions (PBS, 10 mM, pH 7.0) to remove the 
loosely bound enzymes.  
All electrochemical measurements in this work were done at room temperature (23 ± 2 °C) 
using an Autolab System (Eco Chemie, Netherlands) operated by the NOVA 1.10 software or 
by a CHI 760C electrochemical workstation equipped with a Faradaic cage. 
 
Result and discussion 
 
The 2D and 3D carbon microelectrodes for enzymatic based electrochemical biosensing were 
fabricated as reported previously 14,29.  Figure 2.A and B shows the fabricated 2D and 3D 
carbon electrodes and Figure 2. C shows the 3D electrode after drop casting of the graphene 
oxide. The thickness of the carbon electrodes was 2.1 µm and 44 µm for 2D and 3D 
respectively. The 3D microelectrodes consist of pillars with a diameter of 6.7 µm and pitch of 
50 µm. The suspended layer on top of the pillars has holes with diameter of 29 µm and pitch 
of 50 µm. The WE diameter was 4 mm. The surface area of the 3D microelectrodes was twice 
the surface area of 2D electrode 29.  
 
 Figure 2: (A) 2D electrode (B) 3D electrode and (C) 3D electrode with graphene oxide (scale bar – 500 
µm)  
 
The electrochemical behavior of the bio-functionalized 3D electrode was first studied by cyclic 
voltammetry. Figure 3 exhibits the cyclic voltammetric response of 3D and 2D pyrolytic carbon 
electrodes coated with RGO and functionalized with GOx. The voltammetric response of the 
bio-functionalized 3D and 2D electrodes remains constant constant hundreds of scans in 
potential window of -0.2 to 0.5 V, which was a clear indication that the electrode material 
combined with the graphene based biosensing material is stable. As clearly seen in Figure 3, 
the CV obtained with bio-functionalized 3D electrodes had a much higher current response ( 3 
folds) compared to the 2D electrode, which was very promising for the development of highly 
sensitive biosensing platform. 
 
Figure 3 : Cyclic voltammogram of 2D/RGO/GOx and 3D/RGO/GOx in 10 mM PBS (pH 7.0) scan rate 20 
mV/s. 
A B C 
In the next step, choronoamperometric glucose biosensing was performed by using both the 
3D and 2D electrodes (Figure 4). The amperometric measurements were done by using 10 mM 
PBS electrolyte solution (pH 7.0) with the working electrode potential fixed at 0.15 V. For both 
the 3D and 2D electrodes, a linear range until 10 mM was achieved, which overlaps well with 
the normal human psychological blood glucose level (5-7 mM). However, the lower limit of 
detection for bio-functionalized 3D carbon microelectrodes is 1.2 µM and for 2D electrodes is 
3 µM. Furthermore, the calculated sensitivity for choronoamperometric glucose biosensing is 
41 µA mM-1 cm-2 and 8 µA mM-1 cm-2 for 3D and 2D electrodes respectively. This means that, 
the lower limit of detection is 2.5 times higher for the 3D electrode and the sensitivity is around 
4.6 times higher for the 3D electrode due the larger active surface area of the 3D electrodes. 
The higher signal in 3D electrodes can be explained by the higher surface area of the electrode.  
      
Figure 4 : (A) Choronoamperometric sensing of glucose (0-10 mM) at 2D/RGO/GOx in 10 mM PBS (pH 
7.0) (B) Corresponding calibration plot obtained from concentration of glucose vs current. (C) 
Choronoamperometric sensing of glucose (0-10 mM) at 3D/RGO/GOx in 10 mM PBS (pH 7.0) (D) 
Corresponding calibration plot obtained from concentration of glucose vs current. 
A 
C 
B 
D 
In order to evaluate for a realistic application of the 3D electrode coated with RGO, we have 
studied the selectivity of the sensor towards some common electroactive species existing in 
human blood samples, such as cholesterol, ascorbic acid, and uric acid (Figure 5). As seen from 
the amperometric measurement with GOx, there were no significant interferences from these 
compounds were observed. Furthermore, the negatively charged polymer (Nafion®) improves 
selectivity by repelling the uric acid and ascorbic acid through electrostatic repulsion. 
  
Figure 5 : Influence of common electroactive interferences with (1) glucose (2 mM), (2) Uric acid (5 mM), 
(3) Cholesterol (5 mM), (4) Ascorbic acid (5 mM). The working potential = 0.3 V. (n=3) 
 
The repeatability of the measurements with bio-functionalized graphene based 3D electrode 
after storage was tested. Amperometric measurements were performed every day for seven 
days using the 3D electrodes stored at 4°C. A 5% decrease in the biosensor response was 
observed after 3 days and a 8% decrease after 7 days (Figure 6). The change in biosensor 
response was attributed due to the limited stability of the immobilized enzymes. 
 Figure 6: Response stability of 3D/RGO/GOx electrode for 7 days stored at 4 ℃. 
 
The 3D electrode coated with RGO were further tested as a disposable sensor to evaluate the 
glucose level in real human blood samples. The results were compared with those obtained by 
a commercially available blood glucose measurement device. For evaluation of the glucose 
level, the human blood was added to the electrolyte (10 mM PBS, pH 7) on the 3D electrode 
surface and the steady state current was measured. Three individual measurements were 
performed for two different samples. The obtained results were in good agreement with data 
from the commercially available self-monitoring blood glucose device for the same samples. 
The RSD values for the measurements were found to be between 2 and 5. The results confirmed 
that the fabricated 3D electrodes functionalized with RGO can be used for the glucose level 
measurements in real human blood samples without any prior sample pre-treatment. 
Table 1 : Real blood sample (serum) measurement 
Blood sample Conc. of blood glucose 
measured by our  3D 
sensor 
Conc. of blood measured by 
commercial Blood Glucose 
Monitoring Device 
RSD 
Sample 1 4.51 mM 4.8 mM 3.1 
Sample 2 5.89 mM 6.1 mM 4.7 
 
 
Conclusion 
 
An enzyme based electrochemical biosensor was developed with functionalized 3D carbon as 
working electrode.  The 3D electrode provides a higher sensitivity (41 µA mM-1 cm-2) and 
lower limit of detection (1.2 µM) for glucose sensing. The lower limit of detection and 
sensitivity of 3D electrodes when compared to 2D electrodes were 2.5 times and 4.6 times 
higher respectively. The developed enzymatic biosensor was highly selective and stable over 
time for glucose sensing. The electrodes were successfully applied for glucose detection in real 
blood serum. With the more sensitive 3D carbon microelectrodes, the developed sensor can be 
an ideal alternating platform for high sensitive electrochemical biosensors.  
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miCa (Micro carbon)                                                                                     
 
 
 
Brief introduction  
 
 
A highly sensitive 3D carbon based electrochemical biosensor is developed. The proposed 
novel sensor has a 3D carbon microelectrodes which mimic the natural in vivo environment, 
leading to more physiologically realistic and reliable biomedical tool than currently used 
standard 2D electrodes.  The 3D carbon technology pushes the state of the art 2D technology 
to a more sensitive region which will help in detecting a small concentration of the virus, 
bacterial or cancer cells.       
 
Product and/or service and business model  
 
 
Business concept: The highly sensitive sensor platform will be the heart of the next generation 
electrochemical sensors.  The higher sensitivity due to the 3D nature of the carbon electrode will 
result in more accurate, realistic and cheap sensor.  
 
Value proposition: This technology drives more insight to the problem and may lead to many 
more medical break thoughts. The 3D nature of the carbon electrode, which is the sensing 
component will be the first of its kind. Furthermore carbon being one of the most attractive bio-
material for electrochemical measurements, 3D carbon makes an ideal electrode electrochemical 
sensors.     
 
Prototype: Figure 1.A shows the prototype of the carbon microelectrode fabricated with a patented 
novel MEMS technology (UV photolithography and pyrolysis). Figure 1.B shows the experimental 
setup. 
 
 
 
Figure 1: A : Carbon miroelectrode chips B: experimental set-up 
 
 
 
Proof of concept: The electrochemcial detection of dopamine released by human stem cells is 
shown in Figure 2. The higher signal (sensitivity) for 3D cabron microelectrode is very evident, 
comapred to traditional 2D electrodes. 
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Figure 2:  Left: Microelectrode chip design with three electrode configuration. SEM images of carbon micropillars 
(2D+pillars) and suspended grids (3D); Cyclic voltammetry with 10mM ferri-ferrocyanide redox probe (center) and 
dopamine detection with square wave voltammetry (right) with different electrode configurations 
 
Business model: The basic prototype will be established in DTU, Denmark. The manufacturing of the 
carbon microelectrode will be outsourced to a fab-center (i.e. STMicroelectronic). The electrode will 
be integrated to a user friendly device, with a readout by our partner LeapCraft (Copenhagen). The 
end product will be sold to hospitals, clinics, labs etc (who will be out potential costumers).      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Market and competition  
 
Market and competition: The market for electrochemical sensor is 4500 M$ and rapidly increasing 
to 6000 M$ by 2019 according to bcc research. 
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This will be pushing the technology forward. The main competitors will be the carbon electrode 
manufactures, like (SGL group, China and Schutz carbon electrodes Pvt Ltd, Germany). But the 
challenge is making the 3D carbon electrode, which miCa has mastered and has an IP protection.   
 
Team, implementation, traction and budget 
 
 
Team: The founding team consists of Suhith Hemanth (expert on Microfabrication and start up 
experience), serial Entrepreneur Kristofer Kis, Ast. Prof Stephan Sylvest Keller in DTU Nanotech 
and we will need an electrochemistry expert to start. An advisory board will be formed with will 
consists of experts on electrochemistry, sensor and business models. LeapCraft an interfacing and 
data analysis company have joined hands in this venture.  Banking on the knowledge of the 
advisory board, LeapCraft and foundry team, a first prototype will be developed. A marking and 
sales guys will be hired to promote and bring in customer capital/business angels. Finally a CEO 
after second milestone i.e. after our first sales.  
 
Implementation plan: There are three major milestone set for the coming 5 years 
1. PoC for PD testing (until 2017) – In this phase 4 founders will work part time with the advisory 
board to prove the concept. 
2. First Prototype and sales – A marking/sales guys will be hired to find some customer 
capital/business angels. One full time employer will be employed to optimize the process before 
outsourcing it to STMicroelectronics. With customer (Hospitals and clinics) an optimal design of 
diagnostic tool will be derived. And first sales will happen in 2019. 
3. Deployment and expansion – After the first two sales a CEO and two full time employee will be 
hired to expand the sales. Also one full time employee will be hired to come up with an innovative 
electrochemical sensors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Traction: Some of the main objective achieved in this direction are:  
1. Patent on the fabrication process of 3D carbon microelectrode 
2. Prototype of the 3D carbon electrochemical sensor  
3. Proof of concept test with chemical dopamine  
4. Finished on top three in “Dropsens International award” and have got an initial grant of  
350000 DKK from DTU  
5. Dropsens, Spain wants to buy out 3D carbon microelectrodes (asked for 100 chips quotation)   
 
 
1 % of EU market 
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Budget 
1. 2016-2017 – 1M DKK, accumulated from research funds and PoC funds  
2. 2018-2019 – 5M DKK from customer capital /Business angels  
3. 2019- 20.. – 13M DKK from venture capital (At this state we expect to break even)  
          
